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The basic problem of petroleum geology involves the answer to 
the question -—  Why and how was oil concentrated in the present pools? 
The answer to this query depends upon the time and manner of orgin of 
the ancestral petroleum and the degree of freedom of movement attrib­
utable to it in the rocks usually associated with petroleum occurrences* 
The question of the time and manner of origin of petroleum is beyond 
the scope of this paper. The question of the degree of freedom of move­
ment is capable of several interpretations. The occurrence of impor­
tant deposits in littoral sands deposits of the lense type, which are 
completely enveloped by relatively impervious shales indicates that the 
assumption of considerable migration may be unnecessary. On the other 
hand the occurrence of many accumulations in relatively widespread po­
rous horizons, and the known convergence of oil toward producing wells 
indicates definitely that movement of petroleum actually occurs in na­
ture.
The actual mode of this migration and accumulation of petro­
leum and natural gas, however, presents one of the most baffling pro­
blems in the entire field of geology. It is a multi-sided problem, en­
croaching upon the fields of many other sciences. It is an obscure pro­
blem, dealing with phenomena which occured at unknown depths and at un­
known times in the geologic past. We are not even certain of the time 
and manner of origin of petroleum. We do not know in what form it mi­
grated -- protopetroleum has been variously described as a heavy, vis­
cous asphaltic material, as a light fluid of low viscosity, and as a 
gaseous mixture. It is a problem calling for the coopertive efforts
of men in all branches of science. Too much of the previous and cur­
rent work has been done, independently, by geologists, chemists, and 
physicists, each without sufficient regard for the fundamental concepts 
of the other sciences.
The need for a solution to the problem has grown increasing­
ly urgent in the last few years, as a result of the expanding mechani­
zation of our civilization. This urgency has been vastly augmented by 
the present war with its staggering drain on the mineral resouces of the 
world. Surface and subsurface geology, with the aid of applied geophys­
ics have been able to keep ahead of the increased demand in the past, 
but as the demand on our known reserves increases the structures easily 
found by these methods will be rapidly used up. Future exploration will 
therefore, involve the search for more deeply buried and inaccesable 
structure! and stratigraphic traps. The role of the geologist in this 
search will be to direct geophysical and geological work intelligently 
to the end that the work can be efficiently and economically conducted. 
He will need a broad comprehension of the factors involved in the migra­
tion of oil and its accumulation into pools in order that he can say, 
with some degree of certainty, in what areas oil may reasonably be ex­
pected to occur, and what traps are most favorable to accumulation.
The present understanding of the problem is woefully unequal to the taks 
Unless the many existing theories are soon coordinated into a practical 
working hypotheses the world must face serious oil shortages in the near 
future•
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EXTENT OF MIGRATION
Any investigation into the subject of the migration and accu­
mulation of oil must, of necessity, be directly dependent upon the ques­
tion of origin for basic assumptions as to the location of source beds 
and the probable physical characteristics of the hydrocarbons at the 
time of migration. Upon this subject, there is a wide diversity of opin­
ion, the only general agreement being in the widespread acceptance of 
the organic theory. As this problem is beyond the scope of the present 
work it will not be gone into in detail. The nature of the migrating hy­
drocarbons will, in this paper, be assumed, unless otherwise specified, 
as similar to the crude petroleum at present encountered in nature, in 
accordance with general usage. Also, in accordance with general usage, 
the source beds will be considered as marine and brackish ?<rater shales, 
clays-, and marls, and, more rarely disseminated organic material in sand­
stone and limestone reservoir rocks.
Beyond the question of origin of oil, the first major point of 
contention is that of the extent of migration. On this subject, there 
is a wide diversity of opinion. Some geologists maintain that all oil if 
of local origin and that migration of any sort is impossible except from 
source rocks to immediately adjacent reservoirs; still others contend, 
that source rocks are nowhere sufficiently rich in organic content to 
form important accumulations without substantial migration. Of the lat­
ter group, some hold that migration is predominately vertical, others 
that all or most accumulations are attributable to limited lateral migra­
tion or to regional migration over long distances. There has been spirit­
ed discussion between the adherents of these theories for a number of
years, and a sizable literature on the subject has accumulated* Some 
of these ideas are based on preconceived ideas on the subject and/or on 
experiments not representative of actual conditions. However, the great­
er part of the literature presents positive contributions of definite 
utility toward the ultimate solution of the problem. Evidence has been 
submitted which supports all of the hypotheses to some degree, and it is 
probably safe to say that the majority of geologists accept portions of 
each.
Attention was drawn to the problem 81 years ago when T. Sterry 
Hunt (1861) suggested that oil is indigenous to the strata in which it 
occurs. Two years later, H. D. Rogers (1863) suggested an original dis­
seminated condition and subsequent migration into arched areas. The sub­
ject has been widely discussed in subsequent years. The two extremes of
%
later thought on the subject are probably expressed in the writings of 
McCoy and Rich.
McCoy, in his 1918 and subsequent papers maintained that exten­
sive migration, through the fine-grained sands and shales usuallyven­
countered in nature, was impossible due to the opposing forces of surface 
tension and friction. This is a very potent argument against extensive 
migration and has been since reiterated and amplified on by many writers.
It .has been the subject of many experiments in connection with the various 
theories of accumulation. The results of these experiments has in many 
cases provided Important support for each of the hypotheses of extent of 
migration, but they are, in no way, conclusive, due to the impossibility 
of even remotely approximating nature in the laboratory. These experiments 
are discussed in later pages.
The greatest stumbling block for the supporters of the local
origin theory is the question as to whether source material commonly oc­
curs in sufficient concentrations to form important accumulations of oil 
without considerable migration. The studies of Reeves and others, (1925), 
indicate that such concentrations of organic material may not be uncom­
mon, In these investigations, a large number of samples of organic shales 
of Pennsylvanian age collected from many sections of the United States 
were subjected to destructive distillation. These shales yielded from 
one-fourth to two barrels of oil per ton. Reeves computed that a bed ten 
feet thick, and yielding one-half barrel per ton could be the source of oil 
amounting to 13,000 barrels per acre. Although the amount of free oil ac­
tually available from such a shale under natural conditions is probably 
considerably less than the yield under destructive distillation, these re­
sults are of very definite importance. The world-wide studies of recent 
sediments by P, D, Trask (1933) has also considerably bolstered the local 
origin theory, Trask’s work has demonstrated conclusively that the richness 
of organic material of any given horizon may show considerable and rapid 
lateral variations. An area rich in organic material can thus exist very 
near a lean area, Trask further asserts that source beds containing as 
little as 1,5 per cent of organic material by weight even over small areas 
may be adequate to furnish the oil in the most prolific pools.
The theories of limited lateral and vertical migration stand or 
fall with the hydraulic, compaction, gravitations, moving gas, screening 
theories of accumulation, all of which are based on the assumption of 
some degree of migration. The greater part of the arguments for and against 
limited migration are therefore incorporated in the literature relating 
to those theories and will be developed in the following sections.
These theories receive their chief support from the known effect of gas 
and water drives in producing wells and the general world-wide associa­
tion of oil pools with anticlinal structure, with the updip terminus of 
sand lenses and wedges and with non-conformity and fault traps.
The idea of long distance migration through carrier beds is 
not considered to be an intrinsic part of the accumulation theories men­
tioned. J. L. Rich (1931) is probably the leading exponent of long dis­
tance migration. The essential points of his theory are as follows:
The oil may enter the carrier beds from the source beds by any of sev­
eral methods -- compaction of shale, through fissures, or by capillary
action. The further migration, through the carrier beds would be con- 
trolled by the nature of the porosity, and of the forces causing move­
ment. Thus, in carrier beds formed by the solution of limestone at un­
conformities, the path might consist of a connected series of solution ' 
channels which might be sufficiently large to permit migration under the 
effect of buoyancy alone. Migration through the much less permeable 
rocks usually encountered in reservoirs, however, must necessarily be ac 
complished through the action of such forces as compaction, the propul­
sive force of newly generated gas, and hydraulic pressure.
The oil probably did not migrate long distances through the re 
latively fine-grained reservoir rocks in which it is now found. The 
more reasonable assumption is that it migrates, as an integral part of 
the rock fluid, through any and all paths open to it with a natural pre­
ference for the more pervious paths. These especially pervious beds 
(carrier beds) may be relatively coarse sand sheets of high porosity, 
such as the St. Peter, Dakota or ‘Tensleep, or the weathered surface of 
widespread unconformities, such as the top of the Arbuckl© in the Mid­
continent area, and the top of the Trenton over the Cincinnati arch*
During migration, the oil would always tend to work its way upward to­
ward the roof of the carrier bed, toward the higher structural positions, 
and out of the carrier bed upwards into other beds wherever fissures or 
other paths oceur. Thus, since any structural disturbance probably in­
volves more or less shattering, faulting, or fissuring of the rocks, it 
would tend to open up channels for the upward escape of rock fluids. The 
migrating fluids in the carrier beds would tend to converge toward these 
points of escape from all directions and move upwards, through the es­
cape channels, toward the surface or into higher beds, where the oil, gas 
and water would segregate if conditions were favorable. The migrating 
fluids would thus leave a series of accumulations in their wake, in the 
most favorable traps in the carrier bed itself and in higher beds. It 
is also unnecessary to assume that the carrier bed is one continuous 
sheet at the same stratigraphic level, since the concept of escape through 
points of weakness in the enclosing rocks would permit frequent changes 
in stratigraphic level of the entire mass of the migrating fluid.
Rich lists the following arguments in support of long range mi­
gration: -
1. Accumulation is closely controlled by structural situations 
which would have favored the segregation of oil from water.
2. Such enormous accumulations as on the Sabine uplift, Bend 
arch, Seminole uplift and in the Oklahoma City field are almost incon­
ceivable without the assumption of extensive migration from a consid­
erable gathering ground.
3. In many places, oil does not seem to be derived from local 
sources and fails to show any definite relation to local source beds.
4. The fact that some barren traps may be reasonably believed 
to have been water flushed.
He also lists the following arguments against extensive migra­
tion: -
1. Widespread occurrence of oil in lenticular sands.
2. Difficulty of conceiving of long range migration through 
fine-grained rocks which now constitute reservoirs.
The first of these objections is answered in part by means of 
the concept of vertical escape to higher beds; the second by reference to 
the experimental work of Beecher and Parkhurst (1926), showing that the
viscosity and surface tension of oil are greatly decreased by dissolved
ft ogas. At 500 pounds pressure and a temperature of 70 F. sufficient na­
tural gas was dissolved in oil to reduce its viscosity by about 50 per 
cent. Pressures as high as 1800 pounds per square inch may exist at 
depths of around 4100 feet. At such pressures sufficient gas may be dis­
solved in the oil to make its viscosity about equal to that of kerosene. 
The surface tension of various crudes saturated with gas at a pressure 
of 400 to 500 pounds per square inch pressure were reduced by approxi­
mately 20 percent. Rich adds that high temperatures induced by deep bur­
ial also reduce the viscosity and surface tension of oils and gases. The 
viscosity of water also decreases with temperature. At a temperature 
equivalent to a depth of burial of 10,000 feet, water should flow 
through rocks three times as readily as on the surface. At 20,000 feet 
it should flow six times as readily.
Oil and gas accumulations in limestone reservoirs present pro­
blems distinctly different from those involved in sand body accumula­
tions. The observations of W. ¥. Howard (1934) are of interest in this
connection. He contends that, although oil residues, probably formed 
from organic material deposited with the limestone are known, no commer­
cial accumulations occur in limestones with primary porosity. Commer­
cial accumulations occur in fractures in limestones and in zones of sec­
ondary porosity developed by solution of old erosion surfaces. According 
to him accumulations in fractured limestone may be derived from overlying 
or underlying shales and segregation be effected by buoyancy. Accumula­
tions in the zones of secondary porosity, however, would have had to mi­
grate through impervious limestone to the porous zones if derived from 
underlying shales. Such migration is unlikely. Howard also believes it 
unlikely that the oil came from overlying shales. He suggests that the 
organic material was deposited in the porous zone itself, following re­
submergence and that it was confined there by the deposition of overly­
ing shales, and subsequently converted to oil and gas. As these porous 
zones are commonly continuous over wide areas, the gathering ground 
should be large and the original concentration of organic matter in the 
porous would not have to be high. As the openings in the porous zone 
are usually supercapillary and often quite large, lateral migration 
?/ould be relatively easy and could be accomplished by gravitational ad­
justment alone.
Although Howard’s theory may be valid for many limestone accu­
mulations, the explanation of the Kevin Sunburst accumulation, by Dobbin 
and Erdman (1934) also seems widely applicable. They believe that the 
source rock for the Kevin Sunburst oil was the Ellis organic limestone 
and shale, overlying the Ellis-Madison contact. The oil from the Ellis 
is believed to have first accumulated at the Ellis-Madison contact and to 
subsequently migrated along the contact, by water flushing, and been
trapped in the porous zone at the top of the Madison limestone.
A further discussion of the practicability and probability of 
the generation of oil pools from local sources or through limited or ex­
tensive lateral or vertical migration seems beside the point, as field 
evidence suggests that pools involving many variable degrees of migra­
tion esist and that the extent of migration is a question, determined by /
regional or local geological conditions. The following pages will, there' 
fore, be devoted to a presentation of field evidences, for the purpose of 
emphasizing the way in which the various theories compliment each other, 
rather than as proof or disproof of any particular theory or theories,
D. C, Barton (1931) cited deep seated salt domes such as the 
Esperson dome, Liberty County, Texas in proof of his assertion that the 
relation between salt domes and oil accumulations is structural, rather 
than genetic. The oil, in the Esperson dome is found only in gently 
arched Miocene beds, 3000 feet above the top of the salt. Below these 
sands are 2500 feet of gently arched, alternating beds of gumbo and sand 
of Miocene and Oligocene age. A few of these sands yield oil shows, but 
most of them contain only water. Barton believed that the main effect of 
salt domes is to provide structure, thus accelerating lateral migration, 
and directing it toward the crest of the dome. The salt dome also has an 
effect, which Barton considered minor, in facilitating vertical migration 
along faults and fractures in flanking or overlying sediments. This ef­
fect is more important in shallow domes whose flank sediments are more 
extensively faulted. Vertical migration in such domes is indicated by 
the irregularity of occurrence of oil of different character in the 
flank sands of shallow domes, as contrasted with the regularity of the 
variation on deep domes such as Esperson and Goose Creek. Barton (1936)
also present the Belle Isle, Louisiana dome as an interesting example of 
vertical migration. The show on this dome have been encountered only on 
the salt spine in the north one-tenth of the dome. They are found at 
the contact between the salt and overlying sediments and in the salt, 
thus suggesting vertical migration, within the salt mass, from below.
F. R. Clark (1934), on the other hand, considers that oil ooolsI
related to salt domes are examples of local origin. According to him, 
it is generally conceded that the intrusion of salt was a gradual, re­
current movement. He therefore suggest that, at the time of deposition 
of reservoir sands now saturated with oi, the sea floor was locally in 
the zone of warm shallow water, due to elevation by the underlying salt 
intrusion, and therefore favorable to abundant organic life. Such local 
favorable conditions were probably repeated several times during the de­
velopment of many salt domes. Clark also relates the importance of un­
conformities to such local warm, shallow water conditions. He suggests 
that the folds below the unconformity were eroded and truncated and the 
pore space increased and that, after submergence, the areas over and im­
mediately surrounding them were under warm, shallow waters, favorable 
for abundant organic life.
P. D. Torrey (1934) suggests a similar origin for most of the 
oil fields of Pennsylvania. The fields of that state are primarily re­
stricted to areas where porous marine rocks are associated with marine 
source beds and do not occur where the shales associated with the reser­
voirs become sandy. The Devonian and Mississippian shallow lagoons and 
bays were favorablly located for the accumulation of sands, gradually 
changing to shales away from the margins of deposition, and for the col­
lection of organic debris. Oscillations of the shore line resulted in
interbedding of the rich organic shales and sands. Faulting on a scale 
sufficient to permit vertical migration from the richly bituminous Mid­
dle Devonian shales is absent. The source of the oil and gas can then 
be reasonably attributed to the rocks of the same formation that the oil 
sands occur in, and, probably in many cases, to shales in direct contact 
with the sand. Torrey believes that a limited lateral migration is in­
volved in most fields of Pennsylvania, but considers that long distance 
migration was prohibited by the discontinuities in the lithology and the 
general absence of faults.
The discussion of the xvestern Kentucky fields by W. 1. Russel 
(1932) is of considerable interest. Silurian and Devonian production in 
this region is from limestones and dolomites. He believes that the richly 
bituminous black or brown Ghatanooga shale is the source of much of the 
Silurian and Devonian oil. Most accumulations are less than 60 feet be­
low the base of the shale. Some downward vertical migration has appar­
ently occured but it was generally less than 40 feet, and, in some pools, 
only a few feet. Probably little or no lateral migration occured where 
the pools are located in isolated porous areas. Accumulations on anti­
clinal structures with showings of oil off-structure, however, probably 
resulted from some updip migration. Since the Silurian and Devonian 
horizons are not continuously porous and permeable for long distances, 
extensive lateral migration is unlikely. However, some horizons seem 
locally permeable for distances of 20 to 30 miles and migrations of 10 
to 20 miles are indicated by relatively widespread porous zones with 
shows of oil and gas around some pools. The Campbellsville gas pool 
and the gas pool in northeastern Hart County belong to this class.
Russel considers that there is sonie .possibility that the Silurian and
Devonian oil and gas may have originated entirely or in part from lower 
beds.
The Mississippian production is from Chester sands interbedded 
with limestones and considerable shales. Some geologists believe the oil 
migrated vertically upward from the Chatanooga shale. Russell considers 
this unlikely as the Chester fields show no close relationship with 
faults, most existing faults are probably calcite sealed, the interbedding 
of the sands with shales and limestones make extensive vertical migra­
tion unlikely, and the Chester sands are separated from the Ghatanooga by 
water formations devoid of oil and gas. According to Russell, the oil 
probably originated in bituminous Chester strata in close association 
with the producing sands. Some lateral migration is evidenced by the 
fact that some accumulations are on anticlines surrounded by salt water 
and in updip terminations of sand bodies, but extensive migration is un­
likely due to the non-persisten character of the sands. Local origin is 
suggested by some sand lenses apparently completely oil saturated. He 
believes that vertical migration in the Chester was generally less than 
100 feet and lateral movement usually no more than a few miles.
Gil pools in lensing sands of restricted extent, such as in 
the Rainbow Bend field and the shoestring sand fields of eastern Kansas 
are often cited as outstanding examples of local origin. Such accumula­
tions could not possibly result from lateral migration as such migration 
would have had to be through the enclosing shales. Of necessity, the 
source material was either deposited with the sands or in adjacent shales. 
Clark 1934). Lahee (1934), however, suggests that distribution within 
the reservoirs is by lateral migration, since the relative distribution 
of gas, oil* apd^water is clearly related to structure* the gas being in
the updip termination.
Lahee (1934) cites the Burbank and Bartlesville sand pools of 
northeastern Oklahoma and the East Texas field as examples of long dis­
tance migration. The regional structure of northeastern Oklahoma is es­
sentially an undulating homocline with an average westward dip of 35 feet 
per mile. An area of several hundred square miles is underlain by the 
Bartlesville sand, and another extensive area is underlain by the Bur­
bank sand, both members of the Cherokee shale. The sands are rather ir­
regularly distributed and grade into shale up the regional dip. Several 
oil and gas fields are located where these sands bodies finger out in 
broad lobes —  Burbank, Yale, and Maramec pools in the Burbank and 
Nowata, Bird Creek, and Glenn pools in the Bartlesville. Structure has 
little effect on these pools, the principal accumulations being due to 
updip decrease in permeability. Oil and,gas moved updip until stopped 
by the lithologic change to impervious shale. The East Texas field is 
located on the west flank of the Sabine uplift. Production is from west- 
dipping Woodbine formation where it is truncated and unconfoxmablly over- 
lain by the Austin chalk and shale, which dips west at a lower angle and 
serves as a cap rock. The pay zone is very pervious as a whole. Sim­
ilarity of the oil to that in other Woodbine pools such as Van, Powell, 
Wortham and Mexia suggests a source in or adjacent to the Woodbine.
Iahee believes the Woodbine is the principal source but, even if oil is 
also derived from the enclosing Eagle Ford and Del Rio shales, the size 
of the pool and the amount of oil indicates lateral migration from an 
extensive contributing area.
The interpretation of the accumulation at Van, Texas by R. A. 
Liddle (1936) is in general agreement with the abbve assumption. Liddle
believes that all oil and gas in the East Texas embayment came from a 
common source, and that migration occured at about the same time all over 
the embayment. After the accumulation of oil and gas at Van, the dome 
was modified by faulting which elevated a portion of the southeast flank 
to a higher structural position than the original apex, thus moving the 
high point of the structure over a mile. Since the displacement was less 
than the thickness of the Woodbine, the upper Woodbine on the down throw 
side is in contact with the lower Woodbine on the upthrow side at an ele­
vation above the water level of the field. This permitted ready migra­
tion of the oil from the down throw to the upthrow side of the fault. 
However, this migration was confined to the area outside of the remain­
ing closure on the original top of the dome. That the area outside of 
this closure has been drained since the regional accumulation, is evi­
denced by the residue oil still left in the Woodbine below the present 
water level over an area nearly as large as the present productive limit 
of the field. Lahee (1936) is in substantial agreement with liddle*s in­
terpretation of conditions at Van.
A convincing example of local origin within sands is presented 
by J. E. Simmons (Van Tuyl, 1941). The Settles pool of Glasscock County, 
Texas produces from the top member of the Yates sand. This sand is about 
40 feet thick and is the only gray sand within several hundred feet up or 
down the section, being overlain and underlain by anhydrite and red shales. 
In the McCamey field of Upton County, Texas a gray sand similarly locat­
ed between thick, almost pure,, crystalline anhydrite has good saturation 
locally, although it has not yet produced commercially. According to
DeFord (Van Tuyl 1941) a similar situation exists in the Bowers sand in
‘ - Hobbs field New Mexico which if separated from possible source beds by
hundreds of feet of relatively impervious unfaulted beds and directly 
enclosed in anhydrite. The red color of the sandstone off structure at­
tests to the lack of organic material in such areas.
The California fields present a great variety of examples.
The Santa Maria and Lompoc fields, according to R. E. Collum (1929), 
produce from the fractured, flinty, lower Monterey shales in which the 
oil probably originated. The Santa Maria field also produces from sand 
strata of the Vaqueros formation which underlies the Monterey. The oil 
probably migrated laterally from the Monterey across a fault, which 
brought the two formations into contact. The nearby Gasmalia field pro­
duces from the approximate strat igraphic equivalent of the flinty shale 
of the Santa Maria field. The Cat Canyon field in the same area produces 
from a sand, uneonformably overlying the productive horizons of the 
Santa Maria field. There is ample evidence of faulting which would al­
low migration from the Monterey into higher beds. Most of the original 
oil of the district has been lost as evidenced by abundant seepages and 
residues at exposures of the Monterey and by the great mass of oil sat­
urated diatomaceous shale on the crest of the hills near Casraalia.
According to G. H. Bowers (Van Tuyl 1941), major lateral migra­
tion must be assumed in the Los Angeles Basin. The oil measures of the 
Basin, with a few exceptions, consist of several thousand feet of sands, 
interbedded with more or less organic Miocene and Lower Pliocene shales. 
It is unlikely that the shales within and below the oil measures could 
have supplied the large amount of petroleum contained in the structures 
without migration from outsids' the present limits of production.
The possibility of vertical migration by means of sandstone 
dikes in California is suggested by 0, p. Vehkins (1930). Sandstone
dikes from a few inches to over 60 feet thick are common in the Kreye- 
hagan shale and the older Moreno shale in the foothills on the west side 
of the San Joaquin Valley. The size, extent, and number of these dikes, 
and the fact that they often connect sandstone horizons across interven­
ing shales, indicate they may be an important means of vertical migra­
tion between reservoirs or from source beds to overlying reservoir beds. 
The probability that such migration has occured is indicated by oil sat- 
urations or stains in some dikes. The examples are not limited to this 
area. Meek (1923) has described a bituminous sandstone dike just east 
of the Newport Beach field which cuts Miocene shale and terminates below 
Pleistocene terrace sands. Tar and oil impregnate the dike, the Miocene 
sand below the dike and the Pleistocene sands above, the Pleistocene 
sands being impregnated for more than 300 yards from their point of con­
tact with the dike.
H. Gr. Kugler (Van Tuyl 1941) presents similar evidence from 
the Apex field of Trinidad where oil sand dikes ranging from paper thin 
to several feet in thickness can be seen penetrating and traversing clay 
beds. Kugler also present an unusual example of vertical migration in 
operation.
"Three wells drilled to the Gruse sands in the crestal zone of 
the Apex field have shown the powers of oil and gas to travel transforma­
tionally. These wells were equipped with conductor strings and, when the 
Cruse sands were encountered, the blow-out preventers were closed. The 
formation proved imcompetent to stand the pressure and oil and gas trav­
eled to the surface up to a distance of 1000 feet from the wells. The 
pattern of the surface seeps, some of which flowed up to 100 barrels per 
day, could in no way be reconciled to sand outcrops but formed a linear
outline splitting the area into blocks showing their intimate connection 
with the superficial faulting system. The eastward limitation of the oil 
migration followed a cross fault with marked precision. It is of course 
impossible to state the point in the stratigraphic column which proved im- 
competent and in two cases, it may have been at a fairly shallow depth.
In one case, however, after the well had been drilled, cleaning out op­
erations definitely proved that vertical migration had commenced in Gruse 
beds."
The foregoing examples represent but a small portion of the 
great, and growing mass of evidence for local origin and for lateral and 
vertical migration. The evidence definitely indicates that the formation 
of important pools from material indigenous to the horizontal and lateral 
limits of the pool or to immediately adjacent source rocks is both pos­
sible and probable under favorable conditions. More or less extensive 
lateral and vertical migration under favorable conditions is indicated 
with equal force. The relative importance of these factors in the gen­
eration of oil concentrations is, therefore, a local rather than a gen­
eral problem.
MODS OF MIGRATION AND ACCUMULATION
There are many theories as to the manner in which commercial 
oil and gas pools are formed* These explanations all start with basic 
assumptions regarding the probability of a local source of the hydrocar­
bons, or of a more distant source.
Assuming that the hydrocarbons have a source extraneous to the 
reservoir, there are two distinct phases of migration: primary and sec­
ondary. Primary migration involves the movement of the liquid and gase­
ous hydrocarbons from the source rock to the reservoir. Secondary migra­
tion includes all subsequent adjustments of the oil, gas, and water with­
in the reservoir. The relative importance of these two phases presents 
a logical basis for classification of the theories concerning the migra­
tion and accumulation of oil.
I. Theories involving primary migration followed by relatively exten­
sive secondary migration.
A. Static theories.
1. The Anticlinal or Gravitational theory.
B. Dynamic theories.
1. The Hydraulic theory
2. The Gravitational-hydraulic theory.
3. Compaction theories*
a. The Sedimentary Compaction theory.
b. The tectonic Compaction (Biastrophic) theory.
4. Pressure Release theories.
a. The Propulsive Force of Gas theories.
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b. The Cementation theory.
i
II. Theoris involving primary migration, followed by little or no sec­
ondary migration.
A. Capillary theories.
1. The Capillary theory.
2. The Replacement theory.
These theories will be treated in greater detail in the follow­
ing pages. Each theory will, as nearly as possible, be developed chron­
ologically.
The Anticlinal Theory
The anticlinal theory represents the earliest attempt at an 
intelligent explanation of migration and accumulation and is, in a mod­
ified form, still worthy of consideration.
Although I. C. White is generally regarded as the father of 
the anticlinal theory, the fundamentals were earlier outlined to a large 
extent by members of the Geological Survey of Canada. In 1843, 16 years 
before Brake drilled the first oil well in North America, William Logan 
(1844), in studying oil seepages in Gaspe, noted that the seeps were as­
sociated with two anticlines cut by two trap dikes. The discussion of 
oil possibilities in the Gaspe Peninsula by T. Sterry Hunt (1866), in­
dicates an amazing development of the idea at that early date. He gives 
the following combination of circumstances as essential to the formation 
of an oil deposit:-
1. Proper attitude of the strata.
2. Existance of suitable fissures which may act as reservoirs.
3. Such an impermeability of surrounding and overlying strata 
as to prevent escape of the oil.
As evidence favorable to oil accumulation, he cites the occurrence of 
numerous anticlines with probably attendant flssuring, together with nu­
merous oil seeps.
Probably the first definite statement of an anticlinal theory 
was published by Hunt or Logan or both (1866). 3h this report, the loca­
tion of some of the oil springs of Tilsonburgh and EniSicilian, Ontario 
on the line of a great "anticlinal" (Cincinnati anticline) is pointed out. 
The underlying strata were believed to be permeated with oil and water.
The oil, being lighter than the water, was supposed to have risen to the 
highest possible point (the anticlinal crest) from where it escaped to the 
surface by cracks commonly found around anticlinal crests. The paper fur­
ther stated that, because of this apparent relationship, the positions 
of anticlines were of economic importance.
The further development of the theory and its practical ap­
plication are attributed principally to I. C. White and Edward Orton, 
although the American geologists Andrews, Winchell and Newberry made im­
portant contributions in the period from 1860 to 1873. White (1885) 
first formulated the anticlinal theory, as we know it, In this contri­
bution he demonstrated the fact that nearly all great gas wells and pools 
in the Appalachian region were situated near anticlinal crests, while 
wells drilled on flanking synclines usually encountered little or no gas, 
but often obtained large quantities of salt water. He later extended 
the theory (1892) to include oil occurrences. The theory, as stated by 
White, was briefly that, when rocks are gently tilted, any oil, gas, and 
water contained in them tend to separate out in order of density — - the
water below, the oil next sbove, and the gas near the anticlinal crests. 
As concrete proof he told how he had located the Washington, Mannington 
and other large fields by application of the theory. The theory met with 
considerable opposition due to the frequent occurrences of porductive oil 
and gas pools in structurally low areas, in the Appalachian oil field.
It was widely accepted and generally used in oil and gas explorations, 
however, after White’s demonstration of its practical application.
Orton (1888) gave valuable support to the theory by proving that the 
Trenton fields of Ohio and Indiana were located on or near anticlinal axes 
and on structural terraces.
Subsequent work by the geological surveys of the United States 
and Pennsylvania indicated a general anticlinal trend of gas and oil de­
posits in more or less water saturated sands and a synclinal trend of 
such deposits in dry sands. The development of the California, Illinois, 
Mid-Continent, Gulf Coast and Rocky Mountain fields yielded further sup­
porting evidence and the theory became increasingly popular.
The general anticlinal relationship of oil and gas deposits 
was thus clearly demonstrated by actual field data but the effectiveness 
of gravitational sorting was contested by an increasing number of author­
ities. Some of the more important weakness of the theory are:-
Its failure to explain the enormous pressures developed in 
some oil and gas wells, and its failure to satisfactorilly explain pri­
mary migration from the source rock to the reservoir rock. It is also 
doubtful whether in pore openings of the size commonly encountered in 
sandstone reservoir rocks the buoyant force due to gravity would be suf­
ficiently large to overcome the effects of surface tension, adhesion and 
friction. Another serious shortcoming is that it does not explain migra­
tion into low dip structures such as are prevalent in the Mid-Continent 
area.
Hydraulic Theory
M. J. Munn (1909) was probably the most prominent of the early 
dissenters against the anticlinal theory. In 1909, he proposed an alter­
native explanation for the migration of oil and gas which he called the 
hydraulic theory. He began with the assumption that the oil was formed 
from organic matter deposited with the sediments and that the conversion 
to petroleum occurred, in large part, before consolidation of the sedi­
ments. The oil as it formed in clays was assumed to immediately adhere 
to the individual clay particles as enveloping films, the remainder of 
the pore space being filled with water. As the clays were buried under 
increasing thicknesses of later sediments, the contained fluid was forced 
out by compaction into adjacent porous sandstones as a more or less com­
plete oi-water emulsion, thus considerably increasing the oil content 
of the sands but probably still leaving a large amount of oil in the 
shale. Further concentrations of oil in the sands and accumulation into 
pools within the sand areas was attributed to the effect of descending 
meteoric water under hydraulic and capillary pressure. The water was be­
lieved to have advanced through the shales and finer sands by capillary 
pressure and through the coarser sands by hydraulic pressure and to have 
carried the oil along ahead of and within it. The rate of advance of the 
water through the different beds under hydraulic pressure was not uniform 
and conflicting currents were formed between which oil was trapped in the 
more porous beds. The capillary advance of the water through the shale
bodies caused still other concentrations by forcing the oils from the * 
shales into adjacent coarse sands where capillarity was not effective*
The abnormally high pressures sometimes encountered in oil pools were 
ascribed to gas either deposited with the oil or subsequently generated, 
and prevented from difusing by the saturated condition of the enclosing 
formations. Munn believed that, if the direction of water movement was 
parallel to the dip, the position of accumulations would conform fairly 
closely t© structure, but that if movement was parallel to the strike, 
the pools might have no definite structural arrangement.
There are many important weaknesses to the theory, chief of 
which is the assumption of relative freedom of movement of the water 
through consolidated clays and shales. The falsity of this assumption 
is indicated by the marked differences between the composition of waters 
in closely related horizons in areas where water circulation is most pro­
nounced as in the Salt Creek field of the Rocky Mountain area, and in the 
Monterey shales of the San Joaquin Valley, California. It is also uncer­
tain whether underground circulation is sufficiently vigorous to over­
come molecular forces and cause the oil to migrate.
Gravitational— Hydraulic Theory
The hydraulic theory has been considerably altered in recent 
years and many of the fundamentals concepts of the anticlinal theory 
have been incorporated into it. The modification of Munn*s theory by 
J. L. Rich (1921) seems to present a reasonable combination of the two
theories.
He believes that the migration from the source beds to the re-
servoir rocks is effected principally by compaction. Lateral migration 
within the reservoir beds is then accomplished by the movement of under­
ground water, the oil probably being carried within the water as small 
globules, and the gas as small bubbles and in solution. During migra­
tion, the oil and gas tend to work up toward the top of the reservoir 
rock under the influence of buoyancy, thus effecting a certain degree of 
segregation and facilitating their retention in any structural or stra- 
tigraphic trap encountered.
V* C. Uling (1933) has proved experimentally that oil, gas and 
water can separate during hydraulic flow, that oil and gas can even pass 
through and over a water current in a fine sand, and that this separation 
is easier in a dynamic than in a static system. In these experiments 
IIling used a long tube packed with water wet sand and equipped with stop­
pers containing two inlet tubes at one end and two outlet tubes at the 
other. The tube was set up horizontally so that, in each stopper on of 
the tubes was directly above the other. A current of kerosene was then 
applied to the bottom inlet tube and a current of water to the upper.
The pressures from the water and kerosene supplies were so adjusted that 
they were approximately equal. The fluids Issuing from the two outlet 
tubes were collected in separate containers, and it was found that the 
fluid from the top outlet consisted largely of kerosene while that from 
the bottom outlet was largely water, pie separation was not perfect but 
better separation was obtained with increased length of the sand column. 
Uling explains this separation in a moving current as due to the crit­
ical concentration of oil. He maintains that there is a critical concen­
tration of oil below which it will not migrate at any given velocity of 
the hydraulic flow, but will be by-passed by the water. He further holds
that, unless a lower path is of coarser texture the critical concentra­
tion is lower for upward than for downward movement, as the upward move­
ment is aided by the buoyancy of the oil# Thus, the oil will always tend 
to choose the upward path and will eventually segregate in the upper levels 
of the moving column#
Experiments by E. T. Thomsa (1924), and by F. M. Van Tuyl and 
R. G. Beckstrom (1926) indicate the feasability of the concept of primary 
migration by sedimentary compaction# (See page )•
Daly and others object to the theory on the ground that known 
hydraluic velocities in sands are insufficient to move oil against friction. 
In this connection the results of 0. 1. Meinzer’s (1936) permeability 
tests on sediments are of interest. "The coefficient of permeability 
used in the hydrologic work of the United States Geological Survey is ex­
pressed by the rate of flow of water, in gallons a day, through a cross 
section of one square foot under a hydraulic gradient of 100 percent and 
at 60°F." The lowest permeability encountered was found in a fine, near­
ly impervious silt. This permeability (.001) corresponds to a velocity 
of 0.1 foot per yean under a hydraulic gradient of 93 percent. The high­
est permeability obtained was in a fine gravel from a Long Island water 
well. The permeability (90,000) corresponds to an average velocity of 
about 60 feet per day under a hydraulic gradient of 10 feet per mile.
An example of more or less average performance of a moderately produc­
tive water bearing formation is furnished by the Carrizo sandstone of the 
Winter Garden region of Texas. The coefficient of permeability of this 
sandstone was found to be 200 which corresponds to an average velocity of
flow of about 50 feet per year under a hydraulic gradient of 10 feet per 
mile. The permeability of most materials capable of acting as suitable
water sands ranges from 10 to 1000#
The value of these figures in connection with oil migration de­
pends on accurate determinations of the minimum velocities at which oil 
can be transported through various reservoir materials# Apparently there 
is no record of such determinations in the literature# Another point of 
interest brought out by Meinzer is that the movement of water through 
openings less than about one-fiftieth inch in diameter is laminar, in ac­
cordance with Darcy’s law, but that, in larger openings, the flow is tur­
bulent due to friction between molecular streams# This variation in the 
type of flow should have a direct bearing on the ability of water to pick 
up and carry oil and gas, this ability probably increasing with the tur­
bulence# Turbulence is probably not commonly an important factor in oil 
migration however, as, according to Telman (1937), turbulent flow occurs 
only in large conduits, such as solution openings or fractures and when 
the hydraulic gradient and outlet are large enough to produce rapid move­
ment# Rich answers doubts as to the carrying power of hydraulic currents 
with the contention that the oil and gas are ejected from the shales as 
very small, probably microscopic, globules, and that high hydraulic ve­
locities are not essential to their transportation# Illing and others, 
on the other hand maintain that oil cannot remain for long periods in the 
form of minute independent globules, for these would tend to quickly co­
alesce to form large globules which would have to be deformed to allow 
passage through the small openings. It seems possible that migration as 
minute droplets and large globules may occur concurrently. In several 
flushing experiments, conducted by the author, where oil was present in 
large globules, it was noticed that considerable oil was removed from the 
edges of the globules by attrition and carried farther in the hydraulic
current in a finely divided conditions. Although it was not possible to 
follow the movement of the small particles for more than a centimeter or 
so, it is likely that they soon reunited with other particles to form new 
large globules. In this way, any given molecule of oil may change its 
mode of travel many times, during migration, from free flow as minute drop­
lets to the flow by deformation of large globules and back again.
m  this connection, a phenomenon observed in one of a series of 
flushing experiments conducted by the author may be of interest. In this 
experiment 100 cc. of fine Dakota sand was saturated with Lance Greek 
(Sundance) crude and packed in a one inch glass tube. The tube was closed 
at each end with a rubber stopper containing a single vent. It was then 
placed in a vertical position and a hydraulic head of 6 feet was applied 
at the bottom vent, egress for the fluids being through the top vent.
There was no apparent encroachment of water at the bottom of 
the tube for about one-half hour, at which time a clean spot about 1/16 
inch in diameter suddenly appeared about one-fourth inch above the bottom 
of the sand. The clean spot grew rapidly but sporadically, the growth be­
ing evidenced by the intermittent appearance of additional clean sand 
grains— -2 or 3 at a time. Within a few minutes bubbles of air could be 
seen traveling up the tube. Apparently the bubbles followed a tortous 
path, seeking out the path of least resistance to flow and were only vis­
ible where this channel followed the tube walls, The first migration ap­
peared to consist mainly of air bubbles which forced small quantities of 
oil ahead of them or carried it with them to appear on the surface of the 
water. After a few minutes the air flow was largely displaced by a water 
flow which picked up and carried some oil by attrition. Throughout the 
experiment, the flow was markedly intermittent but periodic. The flow
occurred by means of a series of short rushes over a period of two or 
three seconds interspersed with quiet periods, lasting 5 to 10 seconds. 
Evidently the channel silted up quickly or globules of oil formed in it 
and it had to be reopened# These periods of intermittent flow lasted only 
a few minutes and were followed by quiescent spells of about one-half hour, 
after which the flow would suddenly break out again through new channels. 
The development of these channels was well shown at a few points where 
they touched the tube walls. It was evidenced there by areas of clean 
sand rapidly, but sporadically, increasing in size. The water in seeking 
a new channel would evidently try but one avenue at a time. A lobe would 
suddenly start pushing out from the clean area and grow rapidly, until 
stopped by a less pervious area, at which time a new lobe would suddenly 
start up in another direction. This process would continue until a good 
channel was found. The half-hour quiet spells were probably caused by 
the silting of the channel to such a degree as to force abandonment and a 
search for a new channel. The silting probably occurred only at occa­
sional constrictions, as, when the sand was examined at the conclusion 
of the experiment, it showed a clean channel about 1/8 inch in diameter, 
running roughly up the center of the tub© in an erratic course which oc­
casionally touched the tube walls. The channel was only occasionally den­
dritic. Oil accumulated steadily at the surface of the water throughout 
the experiment and a total of slightly less than 10 per vent was recover­
ed. The experiment lasted roughly 48 hours.
The periodic flow in tube A seems of definite interest. The 
principal objection to the hydraulic theory is the known extreme slowness 
of undergound water circulation. This experiment suggests that, although 
the total flow is very slow, the instaneous flow may be relatively fast.
If the sub capillary to capillary channels through which the water migra­
tes should frequently silt up or otherwise develop a resistance to flow, 
a definite minimum pressure would be required to re instigate the flow. 
Ihen the pressure succeeded in removing the obstruction, the ensuing flow 
would probably be quite rapid although it might only continue for a second 
or so before being agained stopped.
Thus, if we assume an infinite number of such channels, in the 
reservoir, through each of which water flows by a series of rapid spurts, 
we have the effect of a solid front of water advancing at a very slow uni­
form rate while the many component parts of the flow are erratic and much 
faster. This single experiment cannot be considered as proof of the above 
suggestion, but further experiments are planned for the near future.
The best abailabe evidence in support of the gravitational- 
hydraulic theory is probably that furnished by the Rocky Mountain Oil and 
Gas fields* Throughout this entire petroliferous province, the structures 
immediately adjacent to the mountains are almost uniformly barren, the 
producing structures being located farther downdip from the outcrop. The 
generally accepted explanation for this condition is that the oil has 
been flushed out of the structures adjacent to the outcrops on the flanks 
of the mountains and has been re concentrated in the downdip structures 
due to decrease of the hydraulic velocity by diffusion and friction.
Rich (1934) cites several examples of probable flushing, two of whieh 
follow: -
The Thornburg dome, in northestern Colorado, located near the 
outcrop but having a large, sharp closure, contains only gas in the 
Dakota snadstone; while the lies dome, less exposed to flushing but with 
small closure had only water in the Dakota, and the isolated Moffat dome
which had large closure and was less exposed to vigorous artesian cir­
culation had oil in the Dakota. Since the appearance of Rich’s articles, 
however, deeper drilling on the lies dome has resulted in the discovery 
of gas in the Morrison and important quantities of oil in the Sundance. 
After the Sundance discovery on the Hes structure, the Thornburg dome 
was drilled to the Sundance but only small quantities of oil were encoun­
tered. One well, on the Moffat dome, which encountered water in the 
Dakota was deepened and obtained good production from both the Morrison 
and Sundance. The deeper production, therefore, also seems to support 
the flushing theory since the Thornburg dome contains only small quanti­
ties of oil in the Sundance, while the smaller but less exposed Hes and 
Moffat domes yield commercial production from it.
The San Juan Basin of New Mexico is a large, nearly circular 
artesian basin. The intake rim of the basin, for the Dakota ranges from 
6000 to 9000 feet above sea level, while the elevation of the northwest 
outlet rim (lowest of the two outlet rims) is at about 5000 feet. Drill­
ing on several structures on the inlet rim produced artesian water lead­
ing to condemnation of the field. Later drilling by the Midwest Refining 
Company and others, however, led to the discovery of good production from 
structures near the outlet rim. This production was, largely, from for­
mations carrying fresh water on structures on the intake rim.
J. G. Bertram offers the following example from Wyoming. The 
Lost Soldier structure has oil in the Frontier, Dakota, Sundance and Ten- 
gledp sands. The nearby Wertz anticline has gas in the Frontier, Dakota 
and Sundance. The Bunker Hill dome has water in all these beds. Bunder 
Hill has the least closure and is nearest the outcrop; Wertz is next in 
size and position, and Lost Soldier is the largest and the farthest from
the outcrop* N
A point of interest, in connection with the probability of 
flushing having occurred in the barren mountainward structures of the 
Rocky Mountain region, is that residual oil and oil stains are rarely en­
countered in these structures* It is problematical whether water flush­
ing alone could strip all of the oil from the mineral grains of the forma­
tions present. If such is the ease, residual oil should not be so rare 
in the barren structures of the Rocky Mountain region. Beckstrom; and Van 
Tuyl (1926), flooding experiments, obtained only a 90 percent recovery, 
from a sand impregnated with Wyoming crude, even after prolonged flush­
ing with a weak solution of sodium carbonate. There is abundant evidence, 
however, that, in nature, a thin film of water characteristically inter­
venes between the oil and the sand grains in oil sands. This film of 
water should appreciably decrease the adhesion between sand grains and be­
tween the sand grains and oil and should thus facilitate flushing. An-
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other point at variance with the theory of flushing is the fact that 
some barren structures of the Rocky Mountain area do not show the dilu­
tion of the connate waters which would be expected after flushing by me­
teoric waters. F. R. Clark (1934) points out that this dilution is lack­
ing in certain Rocky Mountain barren structures closely related to pro­
duction and Coffin and DeFord (1934) report that there is no marked dif­
ference in chemical composition between waters in producing and barren 
structures in the San Juan Basin. John H. Wilson, on the other hand, 
states that the waters of barren structures of the Rocky Mountain region 
are usually more dilute than those of neighboring producing structures 
(Van Tuyl 1941).
The majority of geologists appear to favor the gravitational-
hydraulic theory as either the dominant or as a subsidiary factor in the 
accumulation of oil and gas in the Rocky Mountain region. Abundant sup­
porting evidence has also been presented from most of the other important 
fields of the world, but the above examples should suffice to indicate 
the probable effectiveness of hydraulic flow in migration. The widespread 
association of anticlinal structure and oil production is in itself an 
indication of the importance of the theory.
The Diastrophie Theory
L. Mrazec (1910), in discussing the Roumanian oil fields, sug­
gested that diastrophie movement was probably the most important cause of 
oil migration. Mrazec may, therefore, be credited with the first sug­
gestion of a diastrophie motivation. However, it remained for M. Daly 
(1916) to outline the theory in its present form.
Daly based his theory on the assumption that, since oil deposits 
are associated with sedimentary strata, they must have been subjected to 
all forces which have operated on these strata. He pointed out that the 
principal petroleum deposits of the world are associated with mountain 
ranges. In general the more important oil fields are associated with the 
lines of lesser resistance of the earth’s crust, with the general direc­
tion of geosynclines, and therefore with the areas of general orographic 
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movement and deformation. He, further, observed that an oil field is al­
ways accompanied by a certain amount of local structure! deformation, 
either simple undulations or highly distorted folding, and that oil accu­
mulation is therefore usually connected with either general or local de­
formation.
Daly defined orogeny as a tendency toward a new adjustment, 
which evidences itself in a lateral thrusting. In its simplest form, one 
rim of a syncline is held immovable and acts as a resistance, while the 
other side is brought nearer to it by a movement tangential to the crust. 
This results in a squeezing of the syncline, as though it were in a vise.
According to Daly’s theory, the lateral thrust results in a 
general compression across the basin, decreasing from the point of appli­
ed force to the point of applied resistance. This force would express it~ 
self in deformation, beginning near the point of application, and forming 
a series of anticlinal folds, normal to the direction of the force, and 
decreasing toward the point of resistance. The direct result of the fold­
ing would be a compression of the rock materials, decreasing toward the 
point of resistance. Superimposed upon this effect would be the mechan­
ical effect due to flexure, the folds being extended on the convex and 
compressed on the concave side. The general effect is, therefore, a 
wavy succession of increases and decreases in capacity, superimposed on 
a general decrease in compression and increase in capacity for fluids, 
from the point of application of the force to the point of application 
of the fixed resistance. Any contained fluid would tend to move from 
more to less compressed parts, resulting in a concentration of the liquids 
on or near the anticlinal crests. During migration the dispersed oil 
globules and gas bubbles tend to coalesce and buoyancy thus plays a part 
in the final segregation of the various fluids in the structure. If the 
water level subsequently drops, the oil tends to follow the receding 
water level and sink toward the bottom of the synclines.
Daly cites the Appalachian petroliferous province in support of 
his theory. Many important oil fields are near the Appalachian Mountains.
The thrust that folded the area is believed to have come from the south­
east and the resultant folding is believed to have involved the entire 
Paleozoic section. The flexures connected with the oil accumulations 
are generally parallel to the mountain chain, and tend to be en echelon.
The folds are generally assymmetric, with the steep side to the northwest. 
The eastern portion of the system is a district of close folding, extend­
ing nearly the entire length of the system,and terminated in the south by 
a district of folding and cleaving. The western portion of the belt, 
through central Pennsylvania, West Virginia, and Virginia, is a district 
of open folding ending in large, low undulations to the west. South of 
this area, and always on the west side of the belt is a district of fold­
ing, and faulting, which passes through eastern Kentucky, and Tennessee 
to Alabama. This agrees, in general with the theoretical statement—  
successive parallel folds, more appressed on the east (side of thrust) 
and decreasing in importance to the west, with a general tendency to over­
throw. All of the oil and gas fields are located along the west side of 
this belt and on its outer margin, or farthest from the point of appli­
cation of the thrust. From Pennsylvania to Alabama, they closely parallel 
the mountain chain. The oil belt is especially developed in front of the 
region of open folding to the north, but rapidly decreases as it approaches 
the area of folding and faulting to the south. In this area the fault­
ing is believed to have relieved the strain and so reduced deformation, 
as well as permitting the escape of the fluids.
The diastrophie theory has received remarkably little attention 
in 1?he literature. It is favorably mentioned in the most comprehensive 
works on the subject of migration and accumulation but is almost univer­
sally assigned a minor role# This attitude does not seem justified. It
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is based primarily on the fact that many of the major fields of the world, 
notably those of the Gulf Coast and Mid-Continent, are located in regions 
little affected by orogenic movement. This fact is indisputable, but so 
also is the fact that many important and minor oil fields are closely re­
lated to regions where diastrophie forces have been prominent. In view 
of the tremendous forces involved in diastrophism it seems reasonable 
that, in those areas where diastrophism has occurred at a time when the 
hydrocarbons had achieved a fluid state, it should be assigned a major 
rather than a minor role in migration.
Sedimentary Compaction Theories
F. H. King (1899) proposed the theory that sedimentary compac­
tion of shales will cause the explusion and lateral, updip migration of 
their contained fluids from a sedimentary basin;. Although King did not 
apply his findings to the problem of oil migration, he developed the 
theory to substantially its present form as a partial explanation of 
groundwater movements. His views were substantially reiterated by R.
H. Johnson (1915).
The first application of the theory to the problem of oil mi­
gration seems to be in Munn*s hydraulic theory. Munn (1909), however, 
considered sedimentary compaction as effective only in primary migration 
from source to reservoir rock# Rich (1921) suggested that compaction 
might cause lateral migration of fluids. However, he believed that, ex­
cept for some of the younger rocks now in process of formation, it would 
be subordinate to artesian flow and function mainly as a check on arte-
sian flow.
Although V. E. Monnett (1922) suggested that the accumulations 
on low dip structures in the Mid-Continent fields might be due to sed­
imentary compaction, the first definite statement of a compaction theory 
can probably be attributed to J. V. Lewis (1924). He suggested that the 
compaction of clays might constitute an important cause of secondary as 
well as primary migration. He based his assertions, principally, on the 
wide range of densities encountered in clays and shales. He stated that 
freshly deposited clay may contain over 85 percent water, by volume, and 
have a density below 1.25, while 86 New Jersey clays range in density from 
1.54 to 2.17 and superficial clays and shales of Missouri (after Wheeler) 
range from 1.69 to 2.56. He attributed this wide range of densities to 
the pressures to which the original clays had been subjected and to the 
length of time the pressures were operative. He observed that, in the 
process of compaction, vast quant it ies of water must have been elimina­
ted from the clays and have flowed up the deposit ional slope via the more 
porous strata, even against considerable hydraulic head. This appears 
obvious, in view of the fact that the compaction of clays and muds to 
shales seldom entails a loss of less than 60 percent of their volume, 
most of which shrinkage can be attributed to the loss of interstitial 
water. His ideas of lateral migration agree substantially with Rich’s 
modification of the hydraulic theory, aside from Lewis’s assumption 
that the hydraulic currents are evolved by compaction and that the migra­
tion is consequently up the regional dip.
Considerable impetus was given to the theory by the laboratory 
experiments of Thomas (1924) and Van Tuyl and Beckstrom (1926) on the 
effect of pressure on oil impregnated clays in contact with water soaked
sands. These experiments demonstrated the possibility of expulsion of 
oil and water from shale into adjacent sands by applied pressure.
33a the experiments of Van Tuyl and Beckstrom (1926) a steel 
cylinder, of uniform 4 1/8 inch bore, tightly sealed at one end and equip­
ped with an exactly fitted piston was used. This apparatus was succes­
sively charged with various proportions of sedimentary materials, either 
dry, or saturated with water or oil, or both. Pressures were applied 
by a Riehle compression machine. The evolved fluids were measured and 
examined. In the first experiment, the cylinder was charged with 1000 cc. 
of sand of medium texture (porosity 42,6 percent) mixed with 213 cc. of 
water and 213 cc. of (38.8 Be.) Salt Creek crude respectively. Pressure 
was applied at 2000 to 6000 increments, at intervals of several minutes, 
up to a total pressure of 45,000 pounds (3375 pounds per square inch). 
During the low pressure period water tended to evolve faster than oil.
The proportion of oil to water increased with pressure and was high at 
the higher pressures, although the volume of fluid evolved was small.
The maximum pressure of 45,000 pounds was sustained for 6 hours and 9 
minutes, with little additional compaction and only 1 cc. of additional 
fluid. The experiment continued for a total of 8 hours. The total re­
covery was 115 cc. of water and 93 cc. of oil most of which was evolved 
in the first hour and a half and at pressures below 40,000 pounds. The 
experiment was repeated with the oil mixed in first. The results were 
similar to the first except that a slightly larger amount of fluid was 
evolved and the proportion of evolved water to oil was larger. In a 
later experiment a fine-grained sand was used (porosity 40 percent) and 
the sand was originally water wet as in the first experiment. On the 
first application of pressure, the evolved fluid was largely oil. The
proportion of water to oil increased with pressure but the proportion of 
total yield to water to oil was much smaller than in the first experiment, 
probably due to the greater retentive power for water resulting from the 
larger number of capillary openings in the finer sand. This would indi­
cate that, under compaction, light oil would tend to accumulate in the 
coarser sands. In later experiments, however, involving alternate layers 
of water-oil saturated 100 mesh Benton shale and 20 to 40 mesh sand, the 
crude used being Poison Spider (12.7° Be.) the oil displaced the water 
from the sands rather than passing through them and escaping, No oil was 
recovered but considerable water passed off, Experiments in which the 
charge sonsisted of similarly water-Poison Spider crude saturated Benton 
shale, capped by dry sand, produced no fluid at lower pressures, although 
the fluid advanced into the dry sand, the water leading the oil and wet­
ting the sand. Higher pressures eventually forced a small amount of 
water and oil through the dry sand. In a similar experiment, using Salt 
Greek crude, the dry sand was quickly oil saturated at relatively low 
pressures and comparatively large volumes of oil were evolved at the top 
of the cylinder. At higher pressures, water was evolved with the oil the 
proportion of water to oil increasing with pressure. These results sup­
port the earlier conclusion that light oil tends to pass through the 
finer openings and be trapped in the larger. The more viscous crudes, 
however, apparently tend to displace the water and remain in the first 
sand encountered until forced out by compaction of the sand. The great 
difference in yield between the Salt Greek and Poison Spider crudes was 
probably due to the greater viscosity of the Poison Spider crude. Fur­
ther experiments confirmed the above results. The effect of capillarity 
is obviously of subordinate importance in the above experiments, no
counter flow having occurred, as the oil and water were both forced out of 
the compacting material towards regions of less pressure* A further point 
of interest is the fact that, although some of these experiments were con­
tinued over as much as 10 hours, the majority of the evolved fluid was 
yielded in the first hour or so. A comparable exchange by capillarity 
would involve days or weeks. Later experiments (1928) using heavier eqip- 
ment and pressures up to 100,000 pounds applied over a 15 hour period gave 
99 percent recovery of oil and 92.7 percent of water from 100 mesh Benton 
shale. In another experiment, conducted at this time, COg gas was gener­
ated in the base of the cylinder and the temperature was maintained at 
o45 C. during application of pressures up to 4,875 pounds per square inch. 
A much higher yield was obtained than the earlier experiments carried out 
at similar pressures and most of the yield came in the first 15 minutes, 
during the period of probable maximum evolution of gas.
These experiments indicated that oil and water can both be ex­
pelled from an oil impregnated shale or sand into a coarser sand by ap­
plied pressure and that the yield of oil is increased by wetting the fine 
material with water before adding the oil. They further indicated that 
slightly elevated temperature and generation of gas Increase the yield of 
expelled oil, and that, while compaction is largely completed at pressures 
corresponding to a depth of burial of 3,000 feet, sustained application of 
very high pressure results in nearly complete compaction of the material 
and expulsion of the contained fluids.
Further important support is furnished by L, F. Athy (1930).
Athy and his associates determined the density of about 2,200 shales sam­
ples taken from various wells at depths ranging from 1,600 to 6,500 feet. 
From these results they determined that compaction of shales is a loga­
rithmic function of depth of burial and that compaction equivalent to over 
20 percent of the original volume is obtained in the first 1,000 feet of 
burial and compaction equivalent to 47 percent at 6,000 feet* He dis- 
agrees with Van Tuyl and Beckstrom in that he believes appreciable com­
pression occurs below 3,000 feet, but agrees with them that compaction is 
probably an important factor in migration* Density determinations similar 
to those of Athy, but less extensive were previously made by Hedburg (1926)*
Athy, (1930), advanced a theory similar to that of Lewis* His 
studies, on the variations in density of shales with depth, indicated that 
sedimentary compaction continues from the time of deposition onward. Fluid 
movements from the more compressible to the less compressible and incom­
pletely saturated beds, and beds having the easiest outlet to the surface 
must, therefore, be alomst continuous throughout all geologic periods of 
deposition. Since sandstones are much less compressible than shales, their 
contained fluids are under pressure principally developed in the surround­
ing shales, rather than in the sands themselves. Compaction in shale beds 
expels all oil and gas not firmly absorbed on the mineral grains. Con­
tinual shifting, breaking and bending of the particles, in the effort to 
occupy the smallest volume under pressure, tends to rub off most of the 
oil film adhering to the grains, and the remainder may be absorbed by the 
water through continual molecular bombardment. After reaching the reser­
voir bed, the oil migrates laterally tinder the same force of compression, 
although influenced somewhat by differences in hydrostatic head which may 
exist in the reservoir.
The compaction-hydraulic theory, presented by M. G. Cheney (1940)
seems to offer a more complete explanation for the updip fluid migration 
postulated by the earlier compaction theories, According to this theory,
the sedimentary "wedges” of basins and geosynclines tend to concentrate 
fluid movements from the thick, shaly facies of the basin toward the 
thinner and more sandy facies which are more common in areas of uplift.
These "wedges" must also supply differential pressures induced by the vari­
ation in the thickness of the overlying column. Thus, in the area east of 
the Big Bend flexure, the 200 feet per mile thickening between the Can­
yon and Lampasas beds must have caused differential pressures of about 
200 pounds per square inch per mile. This pressure differential should 
have forced fluid movement, in any underlying porous beds, from the basin 
toward the Bend flexures. This movement would be concentrated along local 
trends of thining and would, in turn, develop and maintain favorable po­
rosity and reservoir conditions in sandstone and limestones along such 
trends, and any traps developed before or during compaction and migration 
would be in a favorable position to trap any oil and gas present in the 
induced hydraulic- currents. Since the migration must have been very slow 
the water would naturally tend to bypass any oil and gas accumulated in 
these traps, if an early high density and viscosity of the oil is assumed. 
Cheney suggests that the large accumulations in the KMA field, of southwest 
Witchita County, Texas, is probably due to the updip termination of an ex­
tensive sedimentary wedge of Strawn beds.
Direct proof of the compaction theories, in common with most 
theories of migration and accumulation, is unlikely, as the processes in- 
voled have been completed, or nearly so, in all producing regions. How­
ever, the large number of pools located on structures usually attributed, 
in part at least, to differential compaction, in the Mid-Continent field 
and elsewhere should constitute strong supporting evidence. According to 
Hedburg (1926) a few of the oil structures, attributable, at least partially,
to differential compaction are the folds of southeastern Kansas, those of 
the Eldorado, Peabody-Elbing, and Russell in Kansas, Cushing, Pershing, 
Healdton and Garbor in Oklahoma, Goose Greek and Amarillo in Texas and 
Saackover in Arkansas, The generally recognized association of most of 
the oil regions of the world with geosynelines, structural basins and 
ancient coast lines is further indication that sedimentary compaction may 
have played an important part in their formation.
The principal objections to the compaction theories have been 
most completely stated by McCoy and Keyte (1926 and 1934), Briefly, these 
objections are as follows:-
1. Pressure could squeeze fluids from more to less compres­
sible beds if the later were porous and filled with a relatively compres­
sible substance such as air or gas, which would contract in volume accord­
ing to the invading pressure. However, if the sand were completely water 
saturated, it would serve as a hydraulic cushion against pressures much 
greater than would be anticipated from the overburden at depths under 6000 
feet. This objection does not seem valid since, to serve as a hydraulic 
cushion, the saturated sand must be completely surrounded by relatively 
impervious strata, free from fissures or points of weakness. Such a con­
dition is not likely to be common in nature as absolutely impervious beds 
are rare even among completely lithified strata. The idea of impervious­
ness, as associated with laterally unconfined water sands, must be modi­
fied considerably in dealing with partially confined water sands under the 
pressure of several thousand feet of sediments. In such a case it seems
q
probable that flow of water would be naerly continuous through moderately 
impervious beds and that flow would occur, even through highly Impervious beds 
at the almost inevitable points of weakness, the oil being screened out and
remaining in the sand. The principal weakness of the hydraulic cushion 
objection, however, lies in the assumption of a more impervious formation 
overlying a compacting shale. The usual order of lithification under com­
paction is from the bottom up and although exceptions may occur, due to 
differences in the deposition of eenenting material and to differences in 
the nature of the compacting sediments, such exceptions are not the rule. 
Under normal conditions, the clay, mud, or marl confining the discontinous 
sand above would be less consolidated than the underlying clay, mud or 
marl. In such a case, it seems likely that the overlying and underlying 
material would act as a continuous compacting body, containing a sand lens, 
and that the fluids released by compaction would migrate vertically until 
they encountered a bed suitable for lateral migration. The sand lens 
would of course trap some of the oil if the pressure was insufficient to 
force it across the coarse fine interface. It seems possible that lens ac­
cumulations of the shoestring sand type might be developed in this manner.
2. The greater portion of shale compaction occurs soon after 
or during deposition of the sediments as proved by the fact that fossils 
and other soft structural forms are not commonly distorted after the rocks 
have consolidated around them, even though buried under several thousand 
feet of sediments. If oil is developed during depostion in sufficient 
quantities to saturate the source beds, then it would tend to be squeezed 
out with the other excess fluids on compaction, other conditions being 
favorable. On the other hand, if solid or semisolid bituminous material 
is converted into liquid form after the shales have become consolidated 
and hardened it is questionable whether compaction would force out suf­
ficient quantities to form commercial accumulations. This belief is con­
curred in by most authorities, including the leading proponents of the com­
paction theories and it is probably the most vulnerable point in these 
theories* The entire question of the importance of compaction in migra­
tion must, in fact, depend upon the unsolved question of the time of origin 
of oil*
3* The results of experiments conducted to illustrate expul­
sion of oil by compaction are not conclusive, since, although an inter­
change was accomplished, the same results could have been obtained without 
application of pressure* This statement evidently refers to the experi­
ments of ¥an Tuyl, Beckstrom, and Thomas* Reference to the procedure 
followed in these experiments (page ) indicates that comparable results 
could not be obtained by capillary means during the time interval involved 
in the compaction tests* Furthermore, the expulsion of fluids involved 
the entire body of the compacting material, while the transfer by cap­
illarity appears to be, principally, a surface effect. In Thomas* ex­
periment, the effect of capillarity was definitely discounted by repeat­
ing the experiment with about two inches of coarse gravel between the oil 
soaked clay and sand* The results were not materially changed, thus in­
dicating that, during the time interval involved, pressure was the dom­
inant factor, and the effect of capillarity was inconsequential*
4. If the processes of compaction have been continuous and as 
effective as claimed, the sedimentary rocks of today should be well sat­
urated with water. Actual drilling records in many parts of the sedi­
mentary basins, however, indicate that, while a few reservoir zones are 
completely water saturated, they are often interbedded with dry and 
partially saturated strata* This statement of the wide variation in 
saturation of the various sedimentary horizons is not likely to be widely 
contested as it is amply supported by drilling data.
Actually, however, the assumption of continuous compaction is 
not essential to the compaction theory as it requires only sufficient com­
paction to eliminate a large part of the contained fluids from the com­
pacting material.
5. If compaction has forced water to traverse the bedding planes 
of sedimentary formations, the waters in reservoirs not widely separated 
should have similar chemical constituents. Wide differences in water 
analyses in reservoirs separated by only a few feet of strata are common.
6. The most reliable evidences indicates that the direction of 
underground water movement is basinward rather than toward the outcrop.
This statement is incontestable. However, most of the information on which 
our knowledge of underground movement is based comes from continental sources. 
It seems likely that, in geosynclines or other basins of deposition, the 
conditions would be quite different. Under such conditions, the outcrops
and other surface contacts of the formations would probably be submerged 
or at low elevations. There would therefore be no substantial differences 
in hydrostatic head and hydraulic circulation would be non-existant or un­
important, while conditions would be most favorable for the propagation 
of compaction currents. It thus seems likely that compaction currents might
be important during periods of sedimentation and that hydraulic currents
would be in the ascendency in periods of uplift and erosion. It is very 
unlikely that these two opposing currents would, commonly, be, equally 
important at the same time, except in the transitional periods. It is 
not necessary to assume that, when artesian flow and flow by compaction 
are simultaneously active, the resultant movement of any single particle 
of fluid will be reduced to the amount that one force exceeds the other.
It seems more reasonable to believe that the movement in either direction
would approach zero away from the source of the force due to dispersion 
of the fluids through the more pervious portions of the enclosing strata 
and through crackstand fissures.
Propulsive Force of Gas Theory
The importance, of natural gas in the migration and accumulation 
of oil was first suggested by R. H. Johnson (1912), Basing his statement 
on the apparent ease with T/s&ich natrual gas was concentrated, Johnson sug­
gested that natural gas was responsible for the facility with which oil 
had evidently moved through the pores of the rocks. He believed that the 
oil traveled as a film on gas bubbles.
The importance of gas as a factor in gravitational segregation 
was demonstrated by G. A. Thiel (1920) and W. H. Emmons (1921). In 
their experiments, a tube, first bent to represent an anticline with limbs 
dipping agout 15 degrees was charged with a mixture of sand, oil, sea 
water and light gasoline. Ho segregation of the various fluids occurred 
even after standing several months. The tube was then heated to vaporize 
the gasoline. Segregation began immediately and considerable segregation 
had been accomplished after forty-eight hours. The experiment was repeat­
ed with tubes arranged as synclines and terraces. In each case, the se­
gregation began immediately with the gas tending to occupy the highest por­
tion of the tube and the oil and water respectively below it. The segre­
gation was apparently due principally to gravity, but gravity was shown to 
be inoperative in the absence of gas, due to the force of adhesion. The 
gas generated pressed down on both the oiland water but the oil, being 
the lighter, was pushed up and so rode above the water. The pressure,
rather than movement of the gas was proven to be the effective factor, 
by introducing gas at only one end of the tube in the syncline experiment. 
The oil then rose, not only in the limb farthest from the gas source, but 
also in the other limb, where it was forced to move directly against the 
direction of gas movement. The experiment indicated that oil will move 
up a dip as low as one-half degree under a few pounds gas pressure, and 
will probably move up a much slighter dip at higher pressures. Johnson* s 
contention that the oil migrates as thin films on gas bubbles was con­
sidered to be disproved by the fact that the quantity of oil moved was much 
more than would be required to form films.
The important role of natural gas in migration and accumulation
' i
was further emphasized by the work of H. V. Dood (1922), but the most im­
portant single contribution seems to have been Mills (1923) theory of the 
relation of natural gas to migration and accumulation in the vicinity of 
faults.
This explanation was suggested by several accidents during 
static experiments which he conducted using oil and gas disseminated 
through water saturated sands in glass tanks. At several times during 
these experiments, the capping sand was ruptured or the glass walls crack­
ed. In every case, the gas immediately expanded and rushed toward the 
pressure release afforded by the break. Both water and oil were carried 
ahead of the water and the escaping fluid was mainly oil. After the gas 
pressure was all lost and the flow ceased, a considerable segregation 
of oil was noticed near the break in each case.
According to this theory, the escape of gas, with entrained oil 
through fissures has been an important factor in migration and accumula­
tion in many faulted areas. It is based on the fact that, while water
tends to by-pass oil in simple hydraulic flow, the oil is propelled ahead 
of the water where considerable proportions of expanding gas are present.
It presupposes the concomitant formation of gas and oil together with the 
diffusion of absorbed gas under high pressure throughout the water and dis­
seminated oil. The absorbed gas aids in the process by lowering the vis­
cosity and specific gravity of the oil, especially where it expands suf­
ficiently to form minute bubbles in the oil. If the pressure on such a 
gas, oil, water mixture is suddenly released, as by faulting, the gas im­
mediately expands and rushes toward the pressure release. The oil, due 
to its high absorption capacity for gas and its tendency to remain en­
tangled with the gas, is carried with it. Large quantities of oil might 
be lost with the escaping gas but most of the oil would be retained in 
the vicinity of the fault due to early dissipation of the gas and sub­
sequent sealing of the fault before the pressure could build up again.
As field evidence, Mills cites the part gas plays in moving 
oil to producing wells in most fields. The fact that practically the same 
minerals are deposited in oil wells as in natural fissures is also signif­
icant. Galcite, Barite, and gypsum, with inclusions of waxy hydrocarbons 
oecur commonly in some Appalachian and Mid-Continent wells as to give ser­
ious production trouble. Galcite, gypsum, and waxy hydrocarbons are also 
found in fissures cutting petroliferous strata in many fields. Both types 
of deposits can be attributed to the escape of water, gas, and oil from 
the petroliferous strata. The importance of fissuring in the Salt Creek 
and Teapot Dome fields is indicated by the occurrence of shale oil and 
gas in fissures. Calcite crystals are ejected, with shale oil, from the 
shales overlying the First Wall Greek sand in the Salt Creek field.
Many fissures in this field are only partially filled with calcite, much
of which is porous, with free surfaces of well defined crystals lining 
vugs which are empty or filled with ozokerite. Mills has observed this 
same porous, vug-like structure in calcite deposited in oil and gas wells 
near Butler, Pennsylvania. The high concentration of salts in waters 
associated with oil wells may also be indicative of the escape of enormous 
quantities of gas during migration, the concentration probably resulting 
from the removal of water vapor by escaping gas.
This theory appears to be one of the most generally accepted of 
the many theories relating to migration and accumulation, no serious 
dissenting opinion having come to light to date. This wide acceptance is 
probably due in part to its analogy to the gas drive in many producing wells.
The Screening Theory
The importance of rock texture in migration has been recognized 
since the earliest days of active oil development in Pennsylvania. The 
influence of variations in rock texture on accumulation, however, did not 
receive much attention tint 11 Munn (1909) incorporated it into his hydraulic 
theory. Although Munn explained such sccumulations as due to capillarity 
rather than to the principles later advanced in the screening theory, his 
statement focussing attention on oil accumulations related to textural 
variations probably stimulated research which resulted in the development 
of both the screening and capillary theories.
The tank experiments of Van A. Mills (1920) were probably the 
most illuminating of the early experiments. These experiments, in which 
the flow of gas, oil, and water through sands of different texture was 
studied, clearly demonstrated the effect of rock texture on fluid flow.
The oil was Shown to follow the coaser layers and the interposition of a 
fine-grained sand was shown to form a barrier to oil migration if it was 
water saturated, but to pass the oil freely if it was oil saturated#
Mill?s later investigations, however, did not continue along these lines, 
and it remained for R. H. Johnson (1921), to make the first comprehensive 
statement of the principle of screening# Briefly, Johnson’s statement was 
that, if a stream of gas, oil and water enters a water-wet reservoir, the 
oil and gas will be restricted, in their movement, to the larger pores, 
but that, if the reservoir is oil-wet, the conditions are reversed and the 
water is restricted to the larger pores.
Johnson’s statement was supported and amplified by J. L. Rich 
(1921), in connection with his modification of the hydraulic theory. Ac­
cording to Rich, if oil and gas are being carried along in a reservoir bed 
which merges with less pervious beds in the direction of flow, the oil and 
gas should be screened out and accumulated near the end of the pervious bed. 
He explained the phenomenon as due to the greater friction on the oil glo­
bules in the finer rock and the effect of capillarity which would tend to 
prevent oil from passing from the coarse to the fine rock. He further sug­
gested that screening probably is the cause of the frequent occurrence of 
rich accumulations of oil and gas well down in geosynelines as sands tend 
to thin or diappear there.
The earlier work received additional confirmation in the ex­
perimental studies of H. V. Dodd (1922) and of 0. W. Skirvin (19220.
Skirvin’s work especially emphasized the importance of selective wetting
\
and discounted the effect of capillarity in the screening action on the 
grounds that there is no capillary attraction for water in an oil-wet 
capillary. He suggested adhesion and viscosity as the important factors.
Jan Versluys (1932) recognized the Importance of the screening 
action of the eoarse-fine interface and extended the conception to explain 
the anticlinal occurrences of oil# Versluys assumed that the interstices 
of the sediments in the earth’s crust form one interconnecting network of 
fine pores, which must be filled with water unless the water is replaced 
by oil or gas. This assumption is based on the fact that most sediments 
have been deposited under water and terrestrial sediments must have been 
submerged at the time that younger, water laid sediments were deposited up­
on them. The water, at any subsurface point, would, therefore, be under 
a hydrostatic pressure equal to the pressure exerted by a column of water 
extending from that point to the surface. Versluys subscribed to the 
principles of the hydraulic and compaction theories and believed that, 
under the action of compaction and of hydraulic flow both vertical upward 
migration and lateral migration of fluids occurred simultaneously. The 
lateral hydraulic flow was held to originate at the highland outcrops of 
the reservoir beds and to disperse in the lowlands through such points of 
egress as fissures, weaknesses in the capping strata, and outcrops. The 
fluids rising under the effect of compaction were believed to continue up­
ward until they encountered a porous stratum at which time they would join 
the lateral hydraulic flow of that stratum. Although the pressure po­
tential in any given reservoir sand tends to decrease from the outcrop in­
to the basin, due to diffusion and friction, the decrease is gradual and 
the variation may be very slight over considerable distances. Versluys, 
therefore, maintained that the potential on adjacent anticlines and syn- 
clines is approximately the same in any one reservoir.sand. Then, since 
the crests of the anticlines are nearer the surface than the bottoms of 
the synclines, they are the most favorably located for the vertical dis­
charge of fluids# The fluid content of the reservoir beds would therefore 
tend to disperse principally over the anticlines and any contained oil or 
gas would tend to be screened out at the interface between the coarse re­
servoir sand and the capping fine-grained rock, and thus be trapped at the 
anticlines* Versluys believed that molecular forces cause an aversion of 
the disseminated and accumulated oil and gas to pass from a coarse to a 
fine-grained portion of the strata, thus resulting in accumulations at anti­
clines and at lenses and other variations in the texture# Although the 
writer does not subscribe to all of the views expressed in this discussion, 
Versluys concept of a screening action over anticlines and at stratigraphic 
traps seems sound#
The outlining of the screening theory and the proof of its feasi­
bility may safely be credited to the investigations of the 1920*s. However, 
the development of the theory in its present form together with an ex­
planation of the forces involved must be attributed to V, C# Uling (1933 
and 1939). In 1933 he advanced his screening theory as a result of his 
excellent experimental investigations, extending over a period of several 
years#
Illing accepts sedimentary compaction as the motivating factor 
in primary migration from the source beds to the reservoir rocks, and sub­
scribes to both the compaction and hydraulic theories for secondary migra­
tion within the reservoirs# He belives that during the secondary migra­
tion, the gas and oil are restricted to the coarser portions of the reser­
voir beds by the reluctance of the oil and gas to pass from a coarse sand 
to a finer water-wet sand or clay#
The development of the theory can best be illustrated by a con­
sideration of same of Tiling’s well executed experiments which were con-
ducted in collaboration with C. A. Sanson, They utilized a long straight 
tube fitted at either end with rubber stoppers, each containing inlet and 
outlet connections. Coarse and fine sand were alternately packed in the 
tube. The inlet was then connected to sources of oil and water under pres­
sure so arranged as to allow regulation of the flow of the two fluids in­
dependently. Two of these experiments are especially revealing.
In the first experiment, the tube, packed as above was thorough­
ly impregnated with water and placed in a horizontal position. Invasion of 
this tube by a current consisting of 90 percent water and 10 percent oil 
was then accomplished. The successive stages of the invasion are shown in 
the accompanying diagram (figure 1). The oil spread rather irregularly in 
the first coarse sand section, more being in the upper than In the lower 
part. No oil penetrated the first fine section until the oil apparently 
filled the entire coarse section, except in the lower portion which was oc­
cupied by the continuously passing basal stream of water. At that stage 
the oil suddenly crossed the coarse-fine interface as shown in the diagram. 
‘The upper part of the oil current in the fine sand slowly gained ground and 
reached the second coarse sand first. Further invasion of the fine sand 
then ceased and all oil movement was through the upper stream. The second 
coarse sand was then filled with oil from the top down in perfect "hydro­
static" separation and the second fine sand was not invaded until the filling 
of this coarse was completed. The water passed freely through the tube 
throughout the experiment.
The second experiment was conducted to prove that the oil was not 
retained in the coarse sand by virtue of the difference between the sur­
face 'tension of oil and water. The equipment in this experiment was exact­
ly the same as in the first except that the sand was initially impregnated
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with oil and the invading fluid was 90 percent oil and 10 percent water..
The results are shown in figure 2. The water, here behaved exactly as the 
oil had in the first experiment, filling each coarse chamber before invad­
ing the next fine chamber. The only difference was due to the flotation 
of oil, resulting in the coarse chambers filling from the bottom up and the 
water passing through the fine chambers in the bottom zone. This experi­
ment clearly demonstrated that it is not the higher surface tension of 
water which normally causes it to drive oil to the coarser rocks. In all 
these experiments, the secondary liquid occupied the coarse rock and the 
primary fluid occupied the fine.
As water-wet sands are the rule in nature, the first experiment 
can be taken as most likely to simulate natural conditions. The natural 
assumption is, therefore, that oil can easily invade a coarse water-wet 
sand from a clay or fine sand but that, if it attempts to pass from a 
coarse sand to a fine sand or clay it faces the back pressure of the water 
filled fine capillaries. As long as the back pressure of the coarse fine 
interface exceeds the pressure gradient between the two sands the oil can 
not cross the interface. In a sand-clay interface this pressure difference 
would be several atmospheres. Gil would thus tend to be trapped in lenses 
of coarser sand or by pinching out of the coarse sands in the direction of 
fluid flow.
Further experiments by H I  ing (1939), however indicated a definite 
process of path selection in migrating oil-water mixutres whereby the oil, 
if given a choice between two paths of different textures, invariably 
chooses the coarser path, to the complete exclusion of the finer. In these 
experiments the tubes were packed with sands of various texture in such a 
way as to present parallel paths of different texture and a slow current of


















water containing 10 to 20 percent of oil was passed through them* In 
every case the oil strictly followed the path containing the coarser sands, 
even though in some tubes, it had to follow a very devious path to do so.
The charge was so arranged in some tubes that the oil had to cross several 
coarse-fine interfaces. The oil was temporarily restrained at every inter­
face, and the coarse sand was progressively enriched with oil backwards from 
the contact, by displacement of the water by oil, until about 70 to 30 per 
cent of its pore space was filled with oil. The oil then suddenly broke 
across the interface into the fine sand. The experiments were repeated us­
ing oil soaked sands and a fluid stream of oil containing 15 to 20 per cent 
of water. The results were reversed as before, the water choosing the 
coaser path and being trapped in the coarse lenses.
A new experiment was now set up in order to try to determine the 
cause of this path selection and trapping. For this experiment a tube 
equipped with manometer connections was packed with coarse, fine, and medium 
sand as in figure 3. The sand was saturated with water and placed in a 
horizontal position. A slow current of water containing about 20 per cent 
of oil was then passed through the tube. The pressure in the manometers 
were noted as the fluid colimn advanced through the tube. During the ad­
vance, the oil was restricted to the 30-50 (medium) and 20-30 (coarse) 
sands and only water flowed through the 50-80 (fine) Sand, in accordance 
with the screening theory. As the invading oil-water column successively 
passed manometers 2, 3, 5, 7 and 9 a rapid rise in pressure was noted in 
each manometer. The pressure increases in manometers 2 and 9 were similar 
as was the increases in manometers 3, 5, and 7. The greatest increase was 
observed in manometers 4, 6 and 8 when the pressure at 3, 5 and 7 rose. The 


















responding rise in the opposite manometers. The experiment suggested 
that there must be a fore front pressure differential when an oil-water 
column advances into a water sand and that this is an inverse function of 
the coarseness of the sand. This pressure is obviously a "measure of the 
excess pressure within the oil patches in the advancing fluid measuring 
the pressure required to continuously deform the fronts of the advancing 
oil lobes as they penetrate the capillaries".
Experiments were then carried out to study the relations of the 
fore front pressure differential to the texture of the sand and to any 
other contributing factors. The tube shown in figure 4 was filled with 
sand of uniform texture and a water-oil column, the rate of flow and con­
stitution of which could be altered at will, was admitted. The pressure 
rise as the water-oil column advanced was read at each of the manometers 
and was found to be the same at each, regardless of the proportion of oil 
to water in the column. The rate of advance of the oil, however, natural­
ly depended on the oil concentration and the velocity of the total fluids. 
Experiments were repeated with different rates of flow and the fore front 
pressures were shown to be independent of the general pressure gradient 
within the sand. In still another group of experiments the fore front pres­
sures were determined for sand of various grain size. The measured fore 
front pressures were then plotted against the corresponding grain size and 
the resulting curve compared to a theoretical curve computed on the basis 
that the fore front pressure varies inversely as the grain size. The two 
curves were in sufficient agreement to justify the assumption that the fore 
front pressure varies inversely as the grain size.
.The existence of this fore front pressure suggest an obvious re­
lation between the process of path selection and the retention of oil at
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the eoarse-fine interface* The oil would pass into and along that sand 
which allowed it to advance with the least fore front pressure* If it en­
countered a fine sand, the oil advance was held up until a sufficient pres­
sure was built up in the oil to reach the fore front pressure of the fine 
sand* On this assumption the pressure necessary to cross the interface 
(filtration pressure) would be equal the difference between the fore front 
pressures in the two sands. The accuracy of this statement was checked by
means of a short tube containing a coarse and a fine segment so equipped
with manometers that the fore front pressure in the t\?o segments could be 
read as oil advanced through the tube from the coarse through the fine sand. 
The fore front pressure of the coarse sand was noted as the oil passed the 
manometer* The oil advance was temporarilly arrested by the coarse-fine 
interface and the pressure buildip immediately preceding the break through 
across the interface was noted. The fore front pressure in the fine sand 
was then obtained from the second manometer and the data compared. The 
pressure required to cross the interface (filtration pressure), which was 
indicated by the pressure buildup noted in the first manometer, was thus 
clearly demonstrated to equal the difference between the two for front 
pressures.
The results of these experiments apparently confirmed the rela­
tionships of fore front pressure and filtration pressure and Illing ar­
rived at the following conclusions:-
"(a) A definite minimum pressure, the fore front pressure, is 
required to force oil into and along any water-saturated sand.
(b) The pressure is an inverse function of the radius of the 
sand particles, and for this reason oil will always select the path through 
the coarse sands.
(c) The pressure is required to maintain sufficient pressure 
within the oil globules to deform their frontal lobes#
(d) The process of filtration of oil at the coarse-fine inter­
face is really a question of the need for a build-up of pressure to at­
tain the necessary fore front pressure of the finer sand.
(e) fhis build-up of pressure can be temporarily avoided by the 
by-passing of water into the finer sand, leading to the enrichment of the 
oil body. This will continue until much of the water has been driven out, 
and the interface will then be broken down.
(f) Even after the breaking down of the interface the coarser 
sands will still be richer in oil than the rest unless continuously flush­
ed with water, and the most difficult zone to flush with water is the 
coarse-fine interface. The fact has an important bearing on the water- 
flushing of sands, and will mean that where there are numerous textural 
changes in the reservoir rock, it will be increasingly difficult to ob­
tain a high percentage of oil extraction. All such coarse-fine interfaces 
tend to lock away oil in the strata”.
The screening theory thus appears to be amply supported by labora­
tory research. The importance of screening in the actual processes of mi­
gration and accumulation is likewise abundantly illustrated in the many im­
portant oil fields of the stratigraphic trap type and in the almost uni­
versal control of even structural accumulations by rock texture. Two oil 
fields of the stratigraphic trap type, namely the Glenn and the Burbank 
pools of Oklahoma, seem especially illustrative.
The production in the Glenn pool (Wilson, 1927) is from the 
Mounds (Ordovician) sand and from the Bartlesville (Pennsylvanian) sands. 
While the Mounds production is definitely restricted to closed domes
scattered through the area, the Bartlesville production is from both the 
domes and the intervening synclines. All evidence indicates that accumu­
lation is due to a pinching out of the Bartlesville sand body to the north, 
northeast and east. In the heart of the pool and for many miles to the 
south and west the sand is over 100 feet thick, but, st or near the eastern 
limit of production, it thins practically to zero in a distance of one or 
two miles by interfingering with the shale. No important production occurs 
where the sand is less than 25 feet thick. The location of the pool can 
hardly be attributed to a local origin of the oil as it produced over 
100,000 barrels of oil per day for a long period, and there is no apparent 
reason why oil should have been generated locally in exceptionally large 
quantities. The Bartlesville sand in the Glenn pool is similar in lithology 
and thickness to that in the surrounding barren area except for the updip 
pinching out of the sand. The only likely explanation for the accumulation 
is that it represents an interuption of an updip migration by a textural 
change in the reservoir rock.
The Burbank field of Oklahoma (Sands, 1927) presents a similar 
picture in that structural conditions do not seem to effect accumulation 
except in a minor and secondary degree. The structurally highest points 
are among the places of smallest production. A large amount of gas occurs 
with the oil on the structural highs but they are not even highest in gas 
production. The most prolific oil production is from the northwest part, 
several miles from the highest point structurally and from 100 to 150 feet 
below it. The productivity of the wells varies laterally in short dis­
tances, depending on the porosity of the oil sand. On the north and east 
sides of the field, the producing Burbank sand grades rapidly into an im­
pervious sandy shale. This lithological change has been the primary reason
for accumulation, the oil and gas having travelled updip in an easterly 
direction until stopped by the change in the texture of the reservoir rock# 
Gas was also separated from the oil into some portions of the sand which 
were too impervious to admit oil. This is especially true on top of the 
two principal producing structures# Large quantities of gas are also 
found in the extreme north end in the lowest part of the field, structural­
ly, and large quantities of gas occur structurally below the oil where the 
sand is so fine-grained that neither oil nor water could penetrate it#
Cementation Theory
Cementation has been recognized as an important factor in accu­
mulation for some time# However, most references to the cementation pro­
cesses have been concerned with their negative or inhibitive role in 
establishing the boundaries of oil fields and in restricting the permeable 
zones in the reservoir beds available for migration# Although occasional, 
more or less casual, mention of the positive effect of fluid propulsion 
which must inevitablly be associated with the elimination of voids by 
cementation is encountered in the earlier literature, no serious investi­
gations have been made along these lines until very recently.
The effect of cementation on porosity was mentioned by Mrazec 
(1910). He suggested that, since waters associated with petroleum are 
usually at high temperatures due to depth of burial, they should contain
/more calcium carbonate, silica and iron or magnesium salts than surface 
waters. He held, therefore, that, under favorable conditions, these waters 
would restrict the voids in the reservoir rocks by precipitation and re- 
crystal ization of these minerals, and that petroleum would accumulate in
the remaining pores.
R. H* Johnson (1915) briefly discussed cementation as a cuase of 
fluid movement and increased pressure with depth. According to Johnson, 
the gradual deposition of cementing material in sandstone would reduce the 
pore space and displace materials previously occupying such space. The 
displaced fluids would move in the direction of least pressure (usually 
up), thus continuously decreasing the pressure, with resultant progressive 
deposition of more cementing material. Ziegler (1918) also suggested 
that cementation might cause migration. Johnson (1920), in discussing 
the importance of cementation in connection with boundaries of oil fields, 
suggested that cementation is probably conrinuous being initiated the time 
Of deposition of the sediments. However, it decreases in importance with 
depth of burial due to the increase in the solvent power of water with in­
crease of heat and pressure. Cementation would then become increasingly 
important when the strata were reelevated, with consequent reduction of 
heat and pressure.
P. D. Torrey (1934) cited the Venango Sands field of Venango, 
Forest, and Crawford County as an example of migration under the force of 
cementation. The Venango sands of the area are typical shore-line deposits 
consisting of coarse-grained sandstones and conglomerates which locally 
lense out rapidly to the east and rapidly change to sandy shales and shales 
to the west, away from the margin of deposition. The fields are on or 
near the axis of the Appalachian geosyneline and the chief structural 
feature is a gentle but consisten dip toward that axis. This dip is in­
terrupted at rare intervals by small terraces or minor reversals. On eof 
the most characteristic features of the sands is their almost uniform in­
crease in permeability toward the shoreline where they thin out. The sands
being shoreline deposits, had ample opportunity to be dehydrated. Also, 
under shoreline conditions the organic material in the source beds was a 
more likely source of methane than of petroleum. Therefore, the oil re­
ceived from them was probably comparatively meager and the yield of oil 
from them is much greater than would be expected uner ordinary conditions 
Of accumulation. Torrey believes that the concentration was brought about 
by the encroachment of meteoric water which, by depositing calcite, limited 
the voids and pushed the oil ahead of it to the point where the pinching 
out of the sands trapped it. A field, in the Third Venango sand, northeast 
of Titusville is probably the best example. The sand, there, is very 
$Oar so-grained, and is loosely cementated in the more productive areas and 
tightly cemented in the unproductive areas.
The first complete formulation of the cementation theory of mi­
gration and accumulation was offered by W. A. Waldschmidt (1941). Ac­
cording to this theory, the solution of silica at the points where the sand 
grains are in contact and subsequent precipitation of secondary quartz, 
dolomite, calcite, anhydrite and other cementing materials within the voids 
may appreciably decrease or even eliminate the porosity of sandstones.
This partial or complete elimination of the voids causes expulsion of any 
contained fluids and gases. The mechanics of this process are as follows. 
Inder the pressure of overlying sediments a sand will undergo some degree 
of compaction, but this compaction will be slight if the pressure is in­
sufficient to crush the sand grains. The pressure on the sand grains will 
remain the same after compaction ceases and this pressure may easily bring 
about solution of silica at the points of contact of the sand grains thus 
bringing about a higher degree of inerlocking in the voids. If the pres­
sure on the contained water is less than on the sand grains, the relatively
insoluble silica should be immdeiately precipitated in the pore space be­
tween the grains. Both processes will result in the expulsion of fluids 
laterally toward the outcrop, vertically through fissures toward the surf­
ace, or into overlying or underlying porous strata. The existing tempera­
ture and pressure could easily cause solution of any carbonates which 
might be present in the sand as shell fragments, limestone grains and so 
forth, and the solubility of these carbonates could be further increased 
by the presence of carbonic acid, ammonium carbonate and other products of 
the decomposition of organic remains. Any release of pressure by faults 
or fractures would cause fluid migration toward the point of pressure re­
lease and the dissolved calcite, dolomite, and anhydrite would begin to 
precipitate out in the voids, resulting in further expulsion of fluids. 
During migration through the sandstone, any oil droplets present would tend 
to segregate due to filtering action. The water would tend to bypass and 
lead the segregated oil and, arriving first at the fracture would pro­
bably seal it by deposition of calcite, if sufficient concentrations of 
CaCOg were present. This seal would effectively trap the migrating oil 
which may in time completely separate from the water by gravity segrega­
tion.
Waldschmidt’s contentions are supported by his petrographic ex­
amination of 111 thin sections representing 16 sandstones from productive 
and non-productive structures in the Rocky Mountain region. The normal 
order of crystallization of the principal cementing materials, (quartz, 
dolomite, calcite and anhydrite respectively) in this province is amply 
supported by these studies. The postulated origin of the silica cement, 
and its subsequent recrystallization is also well supported by the fact 
that intimately interlocked quartz grains are always common in sandstones
containing appreciable amount of recrystallized quartz, by the presence 
of faceted quartz crystals formed around sand grains, by the euhedral and 
subhedral crystals of quartz which have apparently formed independently of 
sand grain orientation, by the uniform distribution of the recrystallized 
quartz, and by the fact that the amount of sand grain interlocking is ap­
proximately proportional to the amount of secondary quartz.
Direct proof or disproof of the cementation theory is unlikely 
until more is known concerning the time of origin and accumulation. The 
fact that many pools are partly or entirely surrounded by highly cemented 
areas is well known, but it is uncertain whether these accumulations were 
prior to, subsequent, or concurrent with the cementation. However, the 
fact that comparatively large pressures must be exerted during cementation 
and that any contained fluids must be displaced by this pressure appears 
inescapable. It also seems reasonable to believe that, at least occasion­
ally, the cementation would occur at a time when liquid hydrocarbons were 
present in the sand in a disseminated condition.
Capillary and Replacement Theories
Capillarity was mentioned in connection with the problems of mi­
gration and accumulation by Munn (1909), in his statement of the hydraulic 
theory. According to his theory, part of the concentrations of the oil was 
accomplished by water advancing through the shales and finer sands by 
capillary pressure and carrying the oil with it. This oil was concentrated 
in coarse sands by capillarity, which forced the oil into the coarser sands, 
(see section on hydraulic theory). Capillarity was considered by Mrazec 
(1910) to be an important cause of accumulation in Roumania.
The first independent capillary theory of migration and accu-
mulation, however, was a by-product of D. T. Day’s attempts to explain 
the variations, in color and specific gravity, of Pennsylvania crudes (1911). 
In this investigations, Day achieved fractionation of petroleum by dif­
fusion through fuller’s earth. On the basis of this phenomenon he sug­
gested that dry or nearly dry shales might have a smaller effect and that 
the variation in the crudes might be due to variations in the fractionat­
ing powers of the various shales as a result of varying porosity and mois­
ture content. He assumed that dark oil entered shales of vaiying porosity
and moisture content, where it would remain until the entrance of moistures, 
from any direction, had the effect of driving the oil to the place where 
the expelling power of water was slightest, i.e., in the sandstones be­
tween the shales. Day considered that, since capillary force was much 
greater than that of gravity, it would be equally effective, up or down.
This force would expell the oil until a pool of dark or light oil, de­
pending on the porosity and moisture content of the shales, accumulated 
in the sand. However, if the shale on the other side of the sand was dry,
the oil would be absorbed and dispersed through it. In this way, the oil
would continue diffusing upward until it reached the surface or was hemmed 
in by a water-wet shale which it could not enter. Similarly, after accu­
mulation, the oil could be again dispersed if the' capping water-wet shale 
became dehydrated.
The next important contribution to the theory was made by 
Washburne (1915). He suggested that, since the surface tension of water 
was approximately three times that of oil, the capillary action should be 
three times as strong. He further suggested, that since capillary force 
varies inversely as the pore diameter, the constant tendency of capillarity 
is to draw water into the finer pores and displace oil to the larger pores
under static condition. Similarly any slow transfer of fluids between 
the shales and sandstones would result in a displacement of oil from the 
shales to the sandstones, since water enters fine pores three times as 
easily as oil and has three times as much difficulty leaving them. Fur­
ther concentration within the sandstones would result from the tendency 
of surface tension to collect the small globules of gas and oil into 
larger bodies in an attempt to establish a condition of minimum surface 
energy. In this way bodies large enough to segregate by gravity would be 
formed.
The contribution by A. W. McCoy (1915) (1919) was not only the 
most complete statement of the capillary theory to that time, but, with 
later revisions by him, has retained that dominance to this date. McCoy 
began with the assumption that, below groundwater level, all rocks are 
more or less saturated with water which moves from higher to lower pres­
sure points. He stated that the small loss of head in artesian flow in­
dicates that friction is practically zero, which in turn indicates that 
the flow is very slow and does not exactly follow hydrostatic laws. McCoy 
further postulated that, since the particles of most rocks are irregular 
in shape and less than 2 mm. in diameter, most of the interstices are of 
capillary dimensions and underground flow must be greatly influenced by 
capillarity.
McCoy submitted computations prepared by J. Johnson and L. H. 
Adams of capillary pressures, corresponding to various pore diameters, 
at depths down to 2000 meters. These figures indicate that, above 750 
meters, the capillary pressure is greater than the combined rock and hy­
drostatic pressure. The assumption was therefore made that capillarity 
is very important above 3000 feet, and that, above 5000 feet, a liquid
of greater surface tension and adhesion for the pore material should 
readily displace a weaker liquid from small to larger openings. Displace­
ment of oil from an oil soaked mud to a water saturated sand was demon­
strated experimentally and the displacement was shown to be accomplished 
both by counter flow of water and oil through capillary replacement and 
by the capillary water forcing the oil ahead of it. He pointed out that 
since oil shales are usually separated from reservoir sands by barren, 
water saturated shales, the water shales must be breached by joints and 
fractures or the reservoir and source rocks must be faulted into direct 
contact with each other before primary capillary migration can occur, 
since migration of oil through even very thin water shales would be im­
possible. However, very slight displacement or open joints might per­
mit the movement. This statement was later modified. (See thrid para­
graph following).
Gravitational sorting is admittedly possible in unusually 
coarse sands or in reservoirs containing large induced opening, as cap­
illary expelling force decreases as the size of the openings increases 
and becomes zero at about 0.5 mm. Such large openings are, however* 
rare in nature. Even in openings as large as 0.1 mm. the capillary re­
sistive force would be 0.4 pounds per square inch as against 0.1 pounds 
per square inch unbalanced foree due to specific gravity. Capillarity 
was therefore regarded by McGoy to be the dominant factor in fluid move­
ment through openings under that size.
The replacement theory, proposed by McCoy and Keyte (1934), 
represents the modernization of the original capillary theory in accor­
dance with increased knowledge of capillary flow. According to this theory, 
oil is concentrated under conditions where the area of surficial contact
of water, rock and oil is extremely high. Under such conditions, water 
ean pass from a water soaked sand, up or down, into an oil soaked mud, 
where there is complete fluid contact, the oil being forced back into the 
sand. Experiment indicate that this replacement is effective over some 
twenty inches.
The oil apparently breaks up into very small droplets and mi­
grates back through the center of the water passage until it reaches a 
state of equilibrium in the larger pores of the sand. Since temperature 
increases accentuate this action, it must be caused by the relative de­
crease of the forces of surface tension as compared with adhesion. The
pressure differential in favor of adhesion causes the water to creep 
slightly against the oil at the fluid-shale contact, resulting in a 
slight differential pressure on the oil as the water advances. As the 
creep continues the difference between the pressures on the water and 
oil exceeds the surfaee tension of the water, which has been considerably 
weakened by contact with the oil, and the surface of the liquid is broken 
so that a drop of oil moves into the water capillary to equalize the fluid 
pressures. The process continues and a series of oil droplets working 
toward the sand result. The oil droplets probably do not coalesce in the 
smaller capillaries, as the dividing water films are too resistant to be
broken by sueh small masses. Each drop is believed to repel the drop
ahead of it, resulting in a stream of oil bubbles passing through the tube 
in the opposite direction to the water movement. As these oil droplets 
enter the larger pores of a sand body, they coalesce and may, in the 
course of thousands of years, accumulate into major oil pools. McGoy 
and Keyte maintain that the process would have no actual limits in finite 
time, as long as the water had oil soaked shale in contact with it. Water
was experimentally shown to be capable of moving from saturated sands, 
through water-wet shales, into oil soaked shales. The dependence of the 
theory on fissuring in intervening water-wet shales therefore appears to 
be eliminated and if the quantity of oil is sufficient, compared with the 
thickness of the water saturated shale, oil should eventually accumulate 
in the sands, without regard to gravitational forces. The action, how­
ever, ceases at any complete break in fluid continuity.
McCoy and Keyte submitted the following experimental observa­
tions in support of their theory. These represent the results of 47 ex­
periments using 80 mesh, oil saturated Pierre shale and 60 mesh river sand, 
saturated with various kinds of water, in various arrangements in glass 
tubes. The results of these investigations indicate that:-
1. Oil will be displace from an overlying shale by the water 
of a water sand, the oil replacing the water in the sand.
2. This replacement will take place through an intervening 
water shale, leaving little oil in the water shale.
3. The effect of buoyancy is too slight to be observed.
4. The efficiency of the process increases with temperature.
5. The efficiency of the process increases slightly with 
pressure.
6. Oil,will escape upward from an oil shale to open water 
through an overlying water shale or water sand but not 
through an overlying sand'capped by shale.
7. A break in the continuity of liquid in the pores of the 
system will prevent further displacement.
McCoy and Keyte maintain that the application of the principles 
of the replacement theories explains the fact that a given reservoir may
carry oil in certain stratigraphie positions and be barren when that po­
sition is altered. They also believe that it explains lens type accumu­
lations, and occasional irregularities in the distribution of oil and 
water in a producing reservoir. Recurrent structural movement is held 
to be favorable to such a method of accumulation when source beds and re­
servoirs are not normally in hydrostatic contact. Structural accumula­
tions of oil would thus occur where earth movements have developed pro­
per hydrostatic relations between source beds and reservoirs, while non- 
structural accumulations would occur where this relationship results from 
sediment at ion•
Many objections have been raised against capillary and replace­
ment theories. Outstanding among these are thos of Mills (1920). He 
maintained that certain clays and shales have a natural greater affinity 
for water than for oil and that if such clays, in a dry pulverized form, 
are saturated with oil and exposed to water the water will displace oil 
from the clay particles, independently of capillarity, until this affin­
ity is satisfied. He further contended that capillary adjustment between 
oil and water are restricted to short lateral ranges (only a few centi­
meters according to his experiments) and regards capillarity in water 
saturated sands as more important in restricting than promoting fluid 
movements. 3h answer to this last objection McCoy and Keyte suggest 
that as Mills used sands rather than shales, his results apply only to 
simple capillary phenomena and are not applicable to replaceijient, which 
has been shown to take place over a number of centimeters. Both Mills 
(1921) and Uling (1933) have also objected on the basis that the selec­
tive distribution of fluids in the pore space depends principally upon 
primary wetting, the primary wetting material tending to occupy the finer
pores. They therefore maintain that oil ordinarily occupies the coarser 
material and water the finer simply because most of the rocks of the earth 
are originally water wet. (See screening theory).
One of the principal obstacles to the replacement theory ac­
cording to McCoy and Keyte is the limitation of such movement. They be­
lieve that there is no theoretical limit in time other than limits impos­
ed by breaks in the continuity of fluids. Laboratory experiments by them 
(1934) have shown movement over only 23 inches in two years time, and it, 
has not been proved effective over hundreds of feet.
In this connection, the computations by Van Hise, (1904), re­
garding the theoretical heights to which water can rise above the water 
table in small openings, are of interest. According to Van Hise, water 
can rise in circular tubes of 0.001 mm. diameter to a height of 33.2 
meters, in sheet openings of the same dimensions 16.6 meters, in circular 
tubes .0002 mm. in diameter 166 meters, and in sheet openings of the same 
dimensions 83 meters.
A great deal has been written, pro and con, about the capillary
and replacement theories, but as most of the arguments have been based up­
on laboratory evidence, a further discussion seems fruitless, An ex­
tensive study of the literature, plus a limited amount of personal ex­
perimentation under the direction of F. M. Van Tuyl, have forced the 
writer to the conclusion that while laboratory studies are of definite 
value, their results are purely suggestive and have little or no merit as 
proof. Although this statement is believed to be true for all migration 
and accumulation experiments it seems especially to apply to experimental 
studies of capillary flow. Aside from the time hompred objection based 
on the impossibility of approximating nature in the laboratory the follow-
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ing objections to experimental proof are submitted*
1# The side wall effect, resulting in an abrupt change in 
the permeability and adhesion properties of the shale or 
sand body at the surface of contact with the glass walls 
of the tube or tank with consequent abnormal conditions 
in the only observable portion of the sand or shale body*
2. The effect of sunlight and air in chemically altering 
the oil and thus changing its physical properties. The 
visible evidence is the change in viscosity which results 
in an early slowing of movement and in complete stoppage
in a few days or weeks, and the reluctance of oil globules, 
expelled from sand or shale at intervals of a few days, to 
merge* It seems obvious that this change in viscosity 
would be accompanied by similar radical variations in sur­
face tension, adhesion, cohesion and other physical pro­
perties.
3. The effect of gases contained in the oil at the time of 
packing and of possible gaseous products of the chemical 
alteration of the oil mentioned in 2. Pressure readjust­
ments due to this gas would be of unknown strength and dura­
tion.
4. The abnormal hydrostatic conditions set up in packing
the tubes or tanks. Although the readjustments occasioned 
by this unbalanced condition are probably of short dura­
tion and, therefore, probably unimportant in maintaining 
migration, they may ve very important in initiating move­
ment.
5# The difficulty in controlling such factors as the amount 
of packing, which makes comparative results impossible.
6. The virtual impossibility of conducting experiments under 
temperatures and pressures similar to those obtaining in 
nature during migration.
The effect of light is of course easily avoidable by enclosing 
the tubes or tanks in light proof housings and opening only for examina­
tion. The remaining objections, however, would be very difficult to 
eliminate.
The main vehicles of proof or disproof of the capillary theory 
therefore seem to be the mathematical derivation of the laws of fluid flow, 
and of capillarity, which will be discussed in the next section, and the 
field evidence concerning the relations between source rocks and oil accu­
mulations. At the present state of knowledge, any strong indication of 
local origin of oil would provide support for the capillary or replace­
ment theory. Studies in time of accumulation are also important as any 
assumptions as to the method of accumulation of oil must depend upon con­
ditions prevailing at the time of accumulation. Present evidence seems 
to indicate that capillary phenomena may have played a part in at least 
some accumulations. Their relative importance however, remains to be 
proved.
GENERAL DISCUSSION
There are many contributing and conditioning factors which are 
fundamental to any consideration of the genesis of oil pools.
A knowledge of the time of origin and of accumulation is vital, 
in solving the problem as the establishment of the time of accumulation 
would aid materially in determining available source beds, the path and 
extent of migration, and the forces contributing to the migration. A 
complete treatment of thie topic is beyond the scope of the present work, 
as each field presents an individual problem and the diversity of opinion 
on any one field is usually large. A brief discussion of the opinions 
of a few authorities on some important areas should, however, be of value.
A. I. Levorson has made an excellent generalization on the sub­
ject which deserves quotation in part (Van Tuyl 1941).
"Seldom, if ever, do two pods have an identical geologic his­
tory. They vary through every conceivable combination of age and charac­
ter of reservoir rock, deformation, depth, pressure, gas-oil relations, 
etc. The only time that they approach a common point is near the begin­
ning of the time the reservoir rock and its adjacent strata were formed, 
which is early. And about the only common characteristic is that most 
reservoir rocks and adjacent rocks are sediments and marine. Consequently, 
it seems reasonable to me to believe that the oil must have originated 
and reached the form of oil before the time that the nature of the reser­
voir and adjacent rocks began to diverge. If not then we would be forced 
to account for as many different types of sources as there are kinds of 
traps, which I think is unreasonable.
For example, when we compare three types of fields, such as the
complex, old highly productive Seminole pools with the simple sand-lens 
pools of the Pennsylvanian and with the simple, young, clean-cut folds of 
the Los Angeles basin, about the only geological characteristic common to 
all is the presence of oil and water below them. And the only time in 
their history when they had anything in common was the time that they were 
undergoing deposition of the reservoir rocks and the adjacent layers. And 
then the time— or rather the date— ranged from Middle Ordovician to Penn­
sylvanian to Pliocene.
Reasoning along these general lines, I have reached the conclu­
sion that oil and gas probably originate and become oil and gas at an early 
date relative to the age of the reservoir and adjacent rocks; that the ac­
cumulation into pools may occur over a long period of time depending on 
the rate at which a trap is formed capable of holding the oil and gas".
Van der Gracht (1938) maintains that present accumulations are 
of comparatively recent origin. He bases his assertion on the extremely 
migratory nature of oil and gas, which would make their retention in a 
given trap since early geologic times very unlikely. He suggests that, 
had the Ordovician and Silurian accumulations of Texas, Oklahoma, and 
Kansas been formed during those periods, the oil and gas must certainly 
have been lost from many of them during pre-Pennsylvian erosion, since 
many of the oil horizons were near the erosion surfaee and were actually 
exposed over some structures. He considers that it is inconceivable that 
the present immense quantities of oil found in those reservoirs should 
have survived the erosion and even have had sufficient surplus to fill 
many, stratigraphically higher, rich oil sands in post Pennsylvanian time* 
He suggests that there may be periodically recurrent events which induce 
the liberation of oil and gas from unspent source rocks, thus generating
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successive crops of gas and oil. These events are held to he of the na­
ture of a slow cracking of primary bitumen by biochemical processes. Mi­
gration of the free bitumens is then believed to result from compaction or 
erogenic forces.
McCoy and Keyte (1954) suggest that the shortening of the strati- 
graphic interval over many producing structures indicates a progressive 
relative uplift of the structures throughout the period of sedimentation. 
This uplift can be shown to vary in intensity in different periods. The 
universal observations of recurrent movement in producing structures of 
the Mid-Continent suggests that it may have a bearing on accumulation.
Such recurrent movement should offer an opportunity for accumulation more 
promptly after sedimentation than folding which occurs after deposition of 
the full column. The Voshel and Valley Center fields of Kansas are offer­
ed as evidence. Both of these fields produce from the Ordovician and both 
show interval thinning between the producing horizon and the top of the 
Mississippi lime. This truncation or lack of deposition indicates a strong 
late or post-Mississippian structural adjustment. Both fields show less 
thinning, over the structure in Pennsylvanian strata, indicating that only 
minor structural adjustments occurred during this period. Neither field 
produces important amounts of oil from the Pennsylvanian. The Beaumont 
(Kansas) structure, on the other hand, shows no thinning of the Mississi­
ppi lime over the structure and Ordovician production is lacking. Struc­
tural growth is evidenced, however, in Cherokee and later times on this 
structure and production is obtained from the Chat (basal Cherokee) and 
from higher Pennsylvanian strata. South of Beaumont several small folds 
which show thinning of the Mississippi lime on structure have Ordovician 
production.
Van Tuyl and Parker offer the following opinions and examples 
(Van Tuyl 1941). J. L. Rich suggests that "late origin is indicated by 
the lack of considerable oil in coastal plain sediments until they have 
become buried some thousands of feet", 1. G. Bartram believes that there 
were no incipient folds in many of the Wyoming Embar and Tensleep fields 
and, since they were not folded until late Cretaceous, the Pennsylvain and 
Permian oil could not have accumulated until the end of the Cretaceous or 
early in the Pliocene* C. W. Sanders offers the following opnions on 
California areas. "Isopachs show that in middle Pliocene time the Coalinga- 
Kettleman Hills anticline plunged"continuously southeastward from the 
Coalinga area to the present south flank of Middle Dome (kettleman)• Lo­
cal reservsal on the plunge of the axis since that time has formed traps 
at North Dome and at Middle Dome. Thus the large amount of oil in Miocene 
sands (Kettleman) has accumulated since middle Pliocene time. Probably 
this reversal on the axis was not formed until near the end of Pliocene 
time, so the very large volumes of oil may have accumulated almost en­
tirely within Quaternary time*...At Wheeler Ridge, in the San Joaquin 
Valley, California, the main folding was postmiddle Pleistocene, extend­
ing into recent, with commercial accumulation of oil in the upper Miocene. 
This indicates that a relatively short time is required for the accumula­
tion of oil. However, it is possible that a slight antecedent trap may 
have existed at Wheeler Ridge. Data are lacking for working out isopachs".
It seems evident, from these few opinions on typical areas, 
that the problem of the time of origin is not a subject for broad gener­
alizations. The summation by Van Tuyl and Parker is indicative of the 
scope of the problem:-
**A review of the data justifies the deduction that in respect
to the age of the reservoirs both comparatively early and definitely 
late accumulation of petroleum and natural gas have taken place* It does 
not necessarily follow that these substances are generated in the mother 
rocks continuously or as successive "crops". It is possible that they 
may be stored for considerable periods after generation, either in a dis­
seminated condition or as pools, which may undergo renewed migration as 
a result of changes in geologic structure.
In several areas now productive, the deeper-lying formations 
did not assume conspicuous structural relief until one or more geologi­
cal periods after their deposition. In their earlier history, therefore, 
they were not appreciably tilted or subjected to extensive circulation of 
underground water, and conditions may have favored the retention of the 
oil and gas in a diffused form for long intervals of time until the 
static conditions were brought to an end by tectonic disturbances and 
artesian circulation became more vigorous. In some instances there may 
have been renewed migration of oil and gas in pools previously formed as 
a result of changes in direction or amount of dip, faulting, increase in 
the vigor of artesian circulation, or other causes".
The time element in relation to the generation of oil pools is 
primarily a geological problem. The consideration of the physical effects 
of the voids involved and the rock materials forming the walls of these 
voids and of the physical and chemical characteristics of the migrating 
fluids, however, leads us far into physical and colloidal chemistry fields 
where few geologists are at home.
P. G. Nutting (1934) has contributed much that is basic to this 
phase of the problem, as a result of extensive investigations with the 
United States Geological Survey* Few producing sands, according to
Nutting, are finer than 0.09 mm,, or coarser than 0.21 mm. in mean dia­
meter. Sand of nearly uniform grain size poured into quiet water settles 
to a porosity of about 39 per cent. Agitation, during pouring, lowers 
this figure to 38 per cent, but even vigorous agitation does not decrease 
it below 36 per cent. The mean effective pore diameter in such sands is, 
roughly, 0.2 times the grain diameter. This pore space can, of course, 
be filled by grains smaller than the pores. Therefore, a relatively 
small quantity of grains less than 0.2 times the original grain diameter 
can virtually completely fill the pore space. The smallest porosities, 
then, must be associated with vari-sized sands.
Thin section study of wax casts of oil sands indicate that, 
while the pores of a few sands show only the effects of deposition and 
packing, most sands are greatly modified, after deposition, by solution 
and recrystallization. The average pore diameter in many such sands ex­
ceeds the grain diameter, and individual pores may be much larger. In 
some Bradfor sands pore large enough to hold 10 to 100 grains are not 
uncommon. The dissolved material is usually redeposited loeally, filling 
many, but not all, of the finer pores. Many Mid-Continent and California 
sands show little alteration by solution, but the finer pores are often 
choked with clays or carbonates. Pores in limestones vary widely, from 
the large thin pores of the Dundee of central Michigan to the Embar of 
Wyoming which is largely composed of fine calcite crystals, resulting in 
pores similar to those in sandstone. The thin section studies further 
showed that although crevices, blind pores, and isolated voids are common 
in other rocks they are very rare in oil reservoir rocks.
Movement of fluids through porous rocks depends on permeability 
and pressure gradient (hydrostatic, gravitational, capollary, expanding
gas, or combinations).
Permeability is, chiefly, a matter of pore size. The conduc­
tivity of a single pore is proportional to its cross sectional area, or 
to the square of the diameter. The finer pores are therefore of minor im­
portance as ducts or reservoirs. However, if other forces are near to 
equilibrium, the capillary force in the smaller pores becomes the chief 
factor in fluid migration.
Hutting brings out the very interesting fact that, in general, 
the rocks of grain diameter less than 0.0075 are more permeable to light 
oil than to water. The water adsorbed on the pore walls to a thickness 
of 100 to 200 molecules, thus partly choking the pores and the choking, 
is completed:'by hydrolized silica and silicates. The falling off of per­
meability to water, with time, is also very marked in silica and silicates 
The permeability falls to half of its initial valve in one hour, a third 
in three hours, a fourth in ten hours, and continues falling off slightly 
for about 100 hours. This falling off does not occur if the sand is re­
placed by alundum discs and if freshly distilled water which has not been 
in contact with silica or glass is used, but does if the water has stood 
for several hours in a glass bottle. The phenomena has been traced to 
hydrolized silica, which forms rapidly from glass, silica and most sili­
cates and either chokes the pores, or increases the viscosity of the water 
or both.
Oil, in contact with silica may either simply wet the surface 
or be adsorbed on it, depending on the oil and on the conditions and of
the surface. In some pure quartz oil sands such as the Tensleep of
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Wyoming, the quartz surfaces are active and have adsorbed the blackiest, 
heaviest components of the oil. This adsorbed layer cannot be removed by
water or by the strongest solvents. When removed by ignition, it proved 
to be about 1,000 molecules thick. Other surface active oil sands (Bradford) 
are already coated with a thin layer of colloidal iron or alumina but the 
surface of these oxides act like silica although to a lesser degree.
According to Nutting’s open bond theory, terminal H and OH 
radicals are first formed on the surface of the silica and then removed 
in pairs, leaving the open bonds ready to attach to the darker, less sat­
urated components of the oil. The first layer of oil on an active sur­
face may be considered in combination with it. After the surface has 
acquired an oil film, no matter how thin, it changes from hydrophilic to 
hydrophobic. This weakly basic coating of adsorbed oil can be replaced 
by a stronger base such as the basic ions of alkaline solutions, which 
combine with the weakly acid silica, thus freeing the oil.i
Pore walls in oil sands may be either active or inactive. If 
active they have been exposed to alkaline solutions, and then to weakly 
acid solutions or else exposed to pure water for a long time. If inactive, 
they have been exposed only to such fluids as inert gases, nearly neutral 
salt solutions, and hydrocarbons. This generalization also applies, with 
modifications, to other oxides, basic silicates, and carbonates.
The application of the laws of fluid flow to the problem has 
been ably discussed by G. P. Barb (Van Tuyl 1941). There is considerable 
diversity of opinion as to the relations between oil and gas during migra­
tion. The various suppositions are that the oil moves as a mass or in 
large discrete bodies, that the oil travels as dispersed minute droplets 
or larger drops in the water, and that the oil and water travel together 
in the form of a virtually complete emulsion. Most crudes may be consid­
ered as homogeneous fluids under ordinary conditions. If the oil migrates
as a mass or as a large discrete body, it may therefore be considered as 
a homogeneous fluid and subject to Darcy’s law as long as the flow remains 
viscous or streamline. As it has been proved in the laboratory, in the 
field, and mathematically that the velocities necessary for turbulent flow 
are not remotely approached in nature, Darcy’s law may safely be applied 
or the flow will vary directly as the pressure head, the cross sectional 
area of the sand body and the permeability, and inversely as the fluid 
viscosity and the length of the sand body.
If, however, the migrating fluid consists of droplets of oil in 
water or if gas bubbles are present in the oil or water or both or if the 
fluids exist as a complete emulsion, the fluid is heterogenous and other 
factors besides Darcy’s law are involved. According to Stoke*s law of 
settling, if a drop of oil tend to move updip, through water soaked sand, 
sufficiently coarse to allow free movement, the rate of movement is con­
trolled by the difference in density between water and oil, the diameter 
of the drop, the force of gravity, and the viscosity of the water.
Free movement of the oil globule is probably a rare condition
in nature, as the globule or droplet is usually larger than the pores
through which it must migrate, and is therefore sugject to the Jamin
effect. The Jamin effect formulates the force required to distort an
oil globule or gas bubble and force it from a large pore into a pore
smaller than itself. The work required to distort the globule of oil or
gas bubble is equal to the surface energy times the increase in surface.
This force can best be shown by example. A globule 1 mm. in diameter
2has a spherical surface of 3.15 mm. Assuming an interfacial tension, 
between the globule and the enclosing fluid, of 50 dynes cm., the surface 
energy of the globule is 50 x 3.15/100 or 1.57 ergs. If this globule is
forced through a channel of such size as to double its surface area, the 
energy is also doubled or 1*57 ergs of work is done the bubble* By labora­
tory tests, the differential pressure required to displace the above glo­
bule was 0*006 atmospheres* If the globule was 50 meters from an oil 
well, in a sand 10 meters thick, the well would have to produce at the 
rate of 1,100,000 barrels per day to displace it.
The role of capllarity in migration has been the subject of con­
siderable investigation and discussion. The most general opinion at pre­
sent seems to be that, although limited capillary movement is possible 
under favorable conditions, the principle function of capillarity is as 
a restraining force.
M. G. Leverett (1940) reports that the examination of porous 
materials containing mixutres of two fluids shows that the interfacial 
boundary, between the fluids is curved, and that the curvature depends 
upon the size of the interstices and the properties of the fluids. The 
curvature is caused by the interfacial tension between fluids. The shape 
of the interfacial surface is such that "the interfacial free energy 
shall be the minimum compatable with the volume of fluids and shape of 
restraining solid surfaces". This interfacial curvature is the most 
significant property of the system from the standpoint of capillary be­
havior. In narrow openings, this curvature of the interface gives rise 
to a pressure differential across the interface, which is called capil­
lary pressure. This pressure is the driving force in capillary flow.
The actual mechanics of capillarity have been variously des­
cribed by different writers. The following is an attempt at coordination 
and simplification of these views based principally on the works of 
Garrison (1935) and Tolman (1937). Making due allowances for differences
in terminology, however, the general opinion is apparently, that capil­
lary pressure is the resultant of the interfacial tensions between the two 
fluids and between each of the fluids and the tube wall. In the case of 
water and oil in a capillary tube, the interfacial tension between oil and 
silica tends to decrease the area of the oil in contact with the silica and 
thus acts in a direction parallel to the tube wall and towards the mass of 
the oil. In the same way, the water-silica interfaeial tension acts to­
ward the mass of the water. The remaining force at the point of contact 
of the two fluids and the tube wall is the interfacial tension between 
the oil and water. This force tends to keep the contact area between the 
oil and water at a minimum and so also tends to act toward the mass of 
the water in order to prevent spreading of the water under the oil. It 
acts along the oil-water interface which makes a definite angle (contact 
angle) with the tube wall. This angle is determined by the relative 
strength of the forces of cohesion within each liquid and the forces of 
adhesion of each fluid for the tube wall. The components of the water- 
oil interfaeial tension parallel to the tube wall varies as the cosine 
of the contact angle. Since any system of forces tend toward equilibrium 
the difference between the oil-silica and water-silica interfaeial tensions 
will tend to equal the cosine of the interfaeial tension between the oil 
and water. Therefore, if this difference is less than the oil-water in­
terfacial tension, the contact angle will be such that the forces will can­
cel. Gn the other hand, if the difference between the oil-silica and 
water-silica interfaeial tensions is greater than the cosine of the oil- 
water interfaeial tension, the cosine of the contact angle must be such as 
to make this component a maximum, or the contact angle must be zero and 
the unbalanced foree will cause the water to advance over the silica,
either forcing the oil ahead of it or displacing it by counter flow. 
Another viewpoint is that the increased curvature of the oil-water inter­
face disturbs the hydrostatic equilibrium between the water in the tube 
and that outside and the liquid moves to restore that equilibrium.
Although the understanding of the mechanics of capillarity has 
greatly increased in the last few years, there is still considerable dis­
agreement concerning its relative importance in migration and accumulation. 
S. E. Buckley and M. G. Leverett (1941) have made important observations 
on the factors operative in the vicinity of a producing well which should 
be applicable to the problem of fluid migration.
According to them, capillary forces tend to oppose and gravity 
to promote complete vertical segregation of oil, gas, water in a homo­
geneous sand. The two factors are therefore in opposition and tend to, 
more or less, cancel. At extremely high displacement rates, both of these 
forces may be obscured by frictional forces, but, at extremely low dis­
placement rates, friction may be negligible and the saturation distribu­
tion be controlled by the balance between gravitational and capillary 
forces. The vertical distribution would then be much the same as under 
static conditions.
Prior to production, a reservoir may be considered to be in 
capillary equilibrium. Under such conditions, the capillary pressure, 
at any given horizontal level, is the same in all sands and c&pillary 
pressure and gravity are vertically balanced. The water saturation is 
not uniform, but is greater in the finer sands. When water advances 
into the reservoir under production, the level of zero capillary rises.
The water saturation, throughout the reservoir, therefore rises in the 
effort to reestablish equilibrium. If the rise in the water table is
sufficiently slow to permit the maintainance of capillary equilibrium, 
the water saturation will gradually increase, simultaneously with the rise 
of the water table. If a small lens of finer sand is present, considerably 
above the original water table, it will tend to maintain a higher water 
saturation than that in the adjacent coarse sand, both by taking in water 
at one end and expelling oil at the other and by capillary counter-flow 
of oil and water over the entire surface of contact. The oil thus will 
aways be more completely flushed from the finer lenses and they will be 
depleted while oil still flows in the surrounding coarse sand. However, 
if production is fast, the fine sand lens is suddenly completely sur­
rounded by a zone of high water saturation as the saturation of the coarse 
sand rapidly increases. It will then have no opportunity to maintain its 
normal higher water saturation by imbibing water from the beginning of 
production. The oil then, can escape from the fine lens only by counter 
flow after the water table has passed it. As counter-flow is a very slow 
process, the depletion of the fine-grained lens would therefore be very 
slow and probably incomplete.
The viscosity of the oil is another vital factor in migration.
The controlling effect that it would have on the velocity and extent of 
movement of the oil through the small openings found in petroliferous 
strata must obviously be of the greatest importance. The relative vis­
cosity of oil must also be effective in inhibiting the dispersal of accu­
mulations by hydraulic flushing.
In this connection, and in relation to the other physical pro­
perties of oil, the temperatures encountered in petroliferous strata are 
of the utmost importance. Temperature gradient studies indicate that the 
normal rise in temperature with depth below the surface is between 1° I.
for each 30 feet and 1° F. for each 70 feet. Using an average of 1° F. 
per 50 feet, and an average surface temperature of 60° F., L. G. Uren 
(1939) states that the normal temperature at 5,000 feet should 160° F. 
and at 10,000 feet should he 260° F. At such temperatures, the physical 
properties of oil should be markedly changed. The viscosity of petroleum 
is usually greatly reduced by even moderate increases in temperature.
This reduction must be very great for temperature increases of the order 
indicated above for depths of 5,000 and 10,000 feet. Uren suggests that, 
at the temperatures normally encountered in reservoir rocks, the viscosity 
of petroleum is likely to be less than half the normal value. The conse­
quent reduction in frictional resistance to migration is obviously im­
portant. The surface tension of both oil and water varies directly as the 
pressure and inversely as the temperature. The positive effect of the 
pressure is, however, offset by the greater quantities of gas and light 
vapors in solution at high pressure.
H. C. Spicer (1936), basing his work on the earlier work of 
Van Orstand, has computed the maximum and minimum probable temperatures 
at 5,000 and 10,000 feet and the depth to the normal boiling point of 
water, at many localities, covering a large part of the United States.
His results support Van Orstands contention that the depth to 212° F. is 
frequently less than 10,000 feet. At approximately one-third of the lo­
cations studied by Spicer, the normal boiling point is reached at computed 
depths of 7,000 feet or less. It therefore appears that the accepted rate 
of temperature rise of 1° F. per 30 to 70 feet of depth is often much too 
low. The maximum and minimum computed temperatures at 5,000 and 10,000 
feet in degrees Fahrenheidt and the maximum and minimum computed depths 
















































































Further computations indicate that, where the normal boiling 
point is reached above 7,000 feet, the critical temperature of water (689°F*) 
is consistently reached at depths less than 30,000 feet, and where the nor­
mal boiling point is reached above 10,000 feet the critical temperature is 
reached, with few exceptions, above 40,000 feet# The results of this in­
vestigation are of great importance in that they indicate that in many oil 
region^ the temperatures associated with migration has undoubtedly been 
sufficiently high to permit a much higer degree of fluid mobility than is 
ordinarily assumed#
The increase in solution capacity of petroleum for natural gas 
with increase in pressure is probably at least as important as the effect 
of temperature. Natural gas associated with crudes in reservoirs may ex­
ist as free gas, be adsorbed on the mineral surface, or dissolved in the 
oil. By Henry’s law, the solubility of gas in oil increases directly and 
constantly with pressure. Oil in some high pressure reservoirs may con­
tain 150 times its volume of dissolved gas. This dissolved gas greatly 
reduces the viscosity and surface tension of the oil and thus has an im­
portant influence on the extent of retention of the oil in the reservoir 
rock and the resistance to flow through the rock pores. Tests by Dow and 
Galkin (1926), and Beecher and Parkhurst (1926) show marked decreases in 
viscosity of oil with increased gas saturation. In one case, the rela­
tive viscosity of an oil, saturated with gas at 600 pounds pressure, 
was only 42 per cent of its normal value. Certain crudes showed visco­
sities as low as that of kerosene when gas-saturated at pressures equiva- 
lant to depths of 400 feet or more. At higher pressure, the percentage 
decrease in viscosity is independent of temperature. In the case of very
wet gases, the viscosity change may be due partly to actual change in 
chemical constitution of the oil by the addition of condensed, low vis­
cosity hydrocarbons. Thus, Dow and Galkin reduced the viscosity of an 
oil from 577 to 54 sec. by adding 1:per cent of gasolene. The effect of 
dissolved gases on surface tension is also considerable. Lacey has re­
duced the surface tension of oils as much as 84 per cent by saturating 
with gas at a pressure less than 1,600 pounds per square inch.
Any discussion of high temperatures associated with depth of
burial must consider the possibility of migration in the vapor phase.
No extensive literature exists on this subject, most authorities apparent­
ly feeling that, if such a mode of migration is possible, it is of very 
minor importance.
An outstanding contribution on this phase of the problem was
made by Rich (1927). He suggested that, in the formation of mountains
in geosynclines by overthrust, thick sections of the weaker rocks might 
be overriden, crumpled and folded by overlying more competent strata.
By isostatic adjustment, the area overloaded by the newly formed mountains 
would tend to sink, carrying the folded sediments deep into the earth’s 
crust, into a zone of high temperature and pressure. He believed that 
such a condition should be favorable for devolotization of carbonaceous 
rocks and generation of oil and gas by cracking, as in a high-pressure 
cracking still. The vaporized oil and the gas would be driven out of the 
zone of distillation by heat and by the pressure of the evolved vapors, 
and would tend to escape toward the surface by moving laterally along 
the bedding and, by means of faults, across the bedding. Subsequent 
erosion and uplift may eventually expose these petroliferous rocks and 
subject them to artesian circulation and consequent readjustments of
the rock fluids.
The ease against vapor phase migration is well stated by W. L* 
Russel (1929), Assuming a temperature gradient with depth of 1° F. per 
30 feet and an increase in rock pressure of 0,40 pounds per foot, Russel 
compared the vapor pressures of gas and oil at various depths with the 
corresponding rock pressure. Since the vapor pressure of gasoline and 
kerosene are much higher than those of the heavier fractions, if they can­
not distill at any given temperature and pressure, it is obviously im­
possible for the heavier fractions to distill. Russels comparisons show­
ed that, at any given depth the combinded vapor pressures of gasoline and
kerosene do not remotely approach the corresponding rock pressure. The 
distillation of petroleum, below the critical temperature of its consti­
tuents, would therefore be impossible in the absence of fixed gases. The
fact was also brought out that, while the vapor pressure of water was
lower than that of gasoline at low temperatures, it is higher at high tem­
peratures and is higher than that of kersoene at all temperatures. Ob­
viously then, water would be distilled from the roeks before even the 
lighter fractions of petroleum. It is possible that some of the hydro­
carbons could be distilled tinder partial pressures if gases were asso­
ciated with the crudes, but the amount that could be so distilled is in­
significant. Another serious objection to the idea of distillation under 
partial pressures lies in the fact that such distillation would be pos­
sible only in the presence of volumes of gas several thousand time the 
volume of liquid oil. There are no such volumes of gas at present asso­
ciated with oil deposits and, in many areas, there are reasons for be­
lieving that such quantities never existed. In some areas, the oil sands 
are overlain by porous water sands, interbedded with impervious shales.
If such volumes of gas as would be needed in the accumulation of oil pools 
by partial pressure distillation has escaped upwards, there should be ex­
tensive gas deposits trapped on anticlines in these upper sands. The ab­
sence of such accumulations, in many places, suggest that such volumes of 
gas have not escaped. Probably the strongest evidence against migration 
by distillation, however, is found in the vertical density distribution 
in accumulations. If migration by distillation had occurred, the heaviest 
fractions would naturally condense out first and the lightest (highest 
vapor pressure) last. The actual distribution is exactly the reverse.
The effect of partial aqueous solution of petroleum and natural 
gas on migration is another interesting and important subject which is 
intimately associated with the question of reservoir temperatures. G-. I. 
Adams (1902), suggested that, although oil and water are usually consider­
ed an immiscible, solution of some of the hydrocarbons is probable at the 
temperatures and pressures encountered at depth. Adams contended that, 
even if this solution were very limited, it would be a potent factor in 
migration, since, in mechanical mixtures, oil would tend to move upward, 
by buoyancy, against descending water movement, while, if any degree of 
solution occurred, it would tend to move with the water. Recent studies 
of surface phenomena, however, indicate that the principal importance of 
partial solution probably lies in its effect on the physical properties 
of oil and water. According to A. W. Thomas (1934), the interfacial ten­
sion between mineral oil and water is lowered by the addition of organic 
acids, and other physical properties are probably also effected.
The extent to which partial solution of the hydrocarbons of 
petroleum in water occurrs in nature is problematical, as few studies have
been made in this field. Isolated instances of such solution are occa­
sionally reported however. J. S. Smith (1931) explained the low sulfate 
content of Venezuelan oil field waters as due to a complex chemical change 
ending in solution. According to Smith, the sulfates in the water are re­
duced to sulfides, which are in turn replaced by carbonates with the 
evolution of hydrogen sulfide. A collateral oxidation causes the forma­
tion, in the oil, of complex hydrocarbon derivitives of which naphthenic 
acid is the commonest. These acids then react with alkalies in the water 
and go into solution, in the water, as alkali napthenates. Experiments 
indicated that, under favorable conditions, the napthenic acids are rapid­
ly leached out of oils containing them— a noticeable solution occuring in 
a few days. The amount of leaching appeared to vary directly as the car­
bonic acid alkalinity of the reacting water and to not be effected by 
salts of strong mineral acids. Partial aqueous solution was also invoked 
by W. X.. Russel (1933) in his explanation for the origin of the asphalt 
deposits of western Kentucky. Russel suggested that the oil may have been 
partly changed to asphalt, before exposure at the surface, through the 
agency of percolating groundwaters, the oil combining with the oxygen in 
solution in the water and the lighter constituents of the oil being re­
moved in aqueous solution.
The writer conducted a series of experiments in the winter of 
1941, at the suggestion of F. M. Van Tuyl, in the attemp to determine 
the effect of aqueous solution on the surface tension of water and oil 
with the thought that it might have a bearing on the capillary theories.
In these experiments, various Rocky Mountain and Oklahoma crudes were 
alloed to stand for several weeks in contact with distilled water and with 
a 1 per cent sodium bicarbonate solution at room temperature. The flaks
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containing the test fluids were moderately agitated at intervals of about 
12 hours and the surface tensions of the fluids measured at 10 day in­
tervals, The variations in surface tensions recorded, while in general 
indicating a slight downward trend in both water and oil, were, in general, 
so slight as to be well within the limit of experimental error and there­
fore not indicative. Further experiments are planned, using crudes con­
taining known water soluble constituents, such as mapthenie acids, and 
connate and sea waters.
In view of the above, and innumerable other conditioning fac­
tors, any attempt to evaluate the various theories of migration and ac­
cumulation seems to be unjustified at the present time. Field and labora­
tory evidence indicates that buoyancy, hydraulic flow, compaction (both 
sedimentary and Tectonic), capillarity, and pressures generated within 
the migrating fluids by expanding gas and by cementation may have all 
had roles of more or less importance in the formation of existing concen­
trations of oil and gas. The probable applicability of any one theory 
at any one given locality is naturally dependent upon the nature of the 
reservoir rocks and their relation to possible source beds. For example, 
although buoyancy is not likely to play an important part in accumulation 
in most sandstones, it may be of major importance in cavernous limestone 
reservoirs and fissure accumulations. It also seemslikely that, in most 
regions, several of these factors have been operative, either concurrent­
ly or successively. For example, if a fairly early origin is assumed for 
oil, it seems likely that, in the Rocky Mountain region an initial con­
centration may have resulted from sedimentary compaction in the Cordilleran 
and Rocky Mountain geosynclinal stages. If such accumulations were 
existant at the time of the Laramide revolution they were probably con­
siderably modified by the horizontal compressive forces associated with 
the diastrophism of that disturbance, and vertical migration was probably 
facillitated by associated faulting. Still further modifications, pro­
bably extending up to the present time must surely have resulted from 
hydraulic flushing following the truncating of the folded sedimentaries 
by erosion. The location of such compound accumulations must at best be 
difficult, and prospecting must involve an increasing use of paleo-geo- 
logic and paleo-geographic maps coupled with a thorough knowledge of the 
various factors which have contributed to produce the present adjustment 
of underground fluids.
CONCLUSIONS
The problem of migration and accumulation of oil and gas is 
broad and extremely complex* It is obviously not answerable by broad 
generalizations* Gil and gas concentrations occur over a wide geograph­
ical range and under very diverse geological conditions. Occurrences 
are known from the pre-Cambrian to Recent, on anticlines, in synclines, 
on monoclines, in faults, in fissures, in accumulations connected with ex­
tensive permeable water sands, in stratigraphic traps, in solution ca­
vities in limestone, and in porous zones in igneous and metamorphic rocks. 
Oil and gas occur both together and alone. They may be associated with 
waters of extremely variable composition or they may be found in apparent­
ly dry strata. They may be associated with regions of extreme folding 
or faulting or ?dlth gently dipping or mildly undulatory strata. Obvious­
ly no single theory will fit all of these conditions.
An impressive mass of information has accumulated on the sub­
ject. The next phase in the solution of the problem should be the co­
ordination of all of these facts and theories into a group of multiple 
hypothese, with a view toward ultimate evaluation of the theories. Such 
a procedure seems essential to any broad treatment of the subject. Fur­
ther extensive Investigations must also be conducted to, as musch as 
possible, bridge the large gaps in our knowledge of the subject.
Large scale paleogeologic and paleogeographie studies must be 
made in order to increase our understanding of the time of origin and 
accumulation of oil and of the nature of source beds and their relation 
to the reservoirs. Oil well sampling and microscopic examination of 
the samples must be carried out with ever increasing thoroughness in order
to increase our knowledge of the nature of reservoir sands and overlying 
and underlying sediments. Many unproductive structural and stratigraphio 
traps must be completely tested in an effort to determine the conditions 
contributing to their lack of productiveness. Much remains to be learn­
ed regarding the underground movement of fluids, both through groundwater 
studies in the field and laboratory studies. It is quite possible that 
our knowledge of currents generated by sedimentary compaction can be in­
creased by studies in the basins of active deposition provided by newly 
constructed dams. Studies of oil field temperatures and pressures and 
of oil field waters must be continued and expanded. Our knowledge of 
capillary phenomena and of all of the laws of fluid flow must be ampli­
fied by experimentation and new experimental techniques must be devloped 
in order to eliminate ambiguity from the results of such investigations. 
These problems call for the cooperative efforts of geologists, physicists, 
and production experts.
The practical solution of the problem, however, demands a re­
gional or even local treatment. If the geologists, physicists and pro­
duction experts in each petroliferous area could be prevailed upon to 
work in cooperation on this problem, under a regional committee, it does 
not seem unreasonable to hope that within a comparatively shorttime a 
workable hypothesis could be developed for each area. Features with which 
these various regional hypotheses have in common could utimately be in­
corporated into a general theory applicable to new and little known areas. 
Regional hypotheses could also be applied directly to new areas by analogy.
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